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“All things are poisons, for there is nothing without poisonous qualities. It is only the 
dose which makes a thing poison.” 
 




“Besides the noble art of getting things done, there is the noble art of leaving things 
undone. The wisdom of life consists in the elimination of non-essentials.” 
 
Lin Yutang (1895 – 1976) 
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Dit doctoraat presenteert het onderzoek dat werd verricht binnen het kader van het 
BROWSE project (EU KP7) om tot een verbeterd model voor blootstelling bij herbetreding te 
komen. 
Gewasbeschermingsmiddelen (GBM) worden gebruikt om de kwaliteit en de opbrengst van 
de oogst te garanderen door deze te beschermen tegen schadelijke ziektes, plagen en 
onkruiden. Dankzij Verordening 1107/2009 moeten deze gewasbeschermingsmiddelen eerst 
een strikte erkenningsprocedure ondergaan vooraleer ze op de markt worden gebracht. 
Deze procedure vereist dat er wordt aangetoond dat deze producten niet alleen een 
duidelijk voordeel hebben voor de teelt van de planten, maar ook geen schadelijke effecten 
hebben voor mens, dier en milieu. Als onderdeel van deze procedure worden de werkzame 
stoffen onderworpen aan een humane risico-evaluatie. Dit houdt in dat de gemeten of 
geschatte blootstelling wordt vergeleken met de overeenkomstige toxicologische 
grenswaarde. 
De blootstelling kan bepaald worden met behulp van blootstellingsstudies waarin de 
blootstelling experimenteel gemeten wordt met bemonsteringstechnieken zoals whole body 
dosimetry. Hoofdstuk 1 geeft eerst een algemene inleiding tot de problematiek rond 
blootstelling aan GBM en legt nadien de nadruk op de blootstelling van arbeiders. 
Blootstelling van arbeiders wordt verder toegelicht in Hoofdstuk 2 aan de hand van een 
case-study. Deze studie focust op de blootstelling van serre-arbeiders tijdens 
herbetredingsactiviteiten in behandelde potplanten. In deze studie werd de dermale 
blootstelling gemeten en vergeleken met de toxicologische referentiewaarden. De 
resultaten hebben aangetoond dat er een potentieel risico is voor serre-arbeiders wanneer 
de herbetreding kort na de toepassing plaatsvindt. Simpele mitigerende maatregelen zoals 
veilige herbetredingsintervallen en aangepaste kledij kunnen de blootstelling echter 
verlagen tot aanvaardbare niveaus. 
Helaas zijn blootstellingsstudies, zoals die beschreven in Hoofdstuk 2, duur, tijdsrovend en 
arbeidsintensief. Daarom werden er in het verleden modellen ontwikkeld om de 
blootstelling van de verschillende blootgestelde populaties (gebruikers, arbeiders, 
omwonenden en voorbijgangers) in te schatten. De verschillende blootstellingsmodellen 
werden echter onafhankelijk van elkaar ontwikkeld, met als resultaat dat er een gebrek was 
aan een geharmoniseerde aanpak. Het BROWSE project werd in het leven geroepen om dit 
probleem aan te pakken door nieuwe en verbeterde blootstellingsmodellen te ontwikkelen 
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volgens een consistente en transparante werkwijze. 
Hoofdstuk 3 begint met een overzicht van de bestaande blootstellingsmodellen met als doel 
om interessante bestaande denkpistes bloot te leggen en om hiaten in de bestaande 
modellen te identificeren. Blootstellingsscenario’s voor herbetreding werden gedefinieerd 
als combinaties van een gewasgroep en een herbetredingsactiviteit (bv. oogsten van 
boomgaardfruit). Gezien het grote aantal mogelijke scenario’s werd eerst bepaald welke 
scenario’s met de hoogste prioriteit moesten behandeld worden. De beschikbaarheid van 
data voor transferfactoren, een parameter gebruikt om dermale blootstelling te berekenen, 
bepaalde welke van deze scenario’s ook effectief in het model werden opgenomen. Deze 
scenario’s waren: oogsten, snoeien en uitdunnen van boomgaardfruit, oogsten van druiven, 
oogsten van zacht fruit, oogsten van sierplanten en oogsten van vruchtgroenten. Vervolgens 
werden de belangrijkste blootstellingsfactoren en -mechanismes geïdentificeerd en 
samengebracht om een generiek conceptueel model te ontwikkelen. Vertrekkende vanuit dit 
conceptueel model werd het nieuwe blootstellingsmodel voor herbetreding ontwikkeld. De 
volgende blootstellingsroutes werden opgenomen in dit model: dermale blootstelling door 
contact met het behandeld gewas, inhalatoire blootstelling door vervluchtiging van de 
werkzame stof van het gewas en orale blootstelling via hand-mond contact. 
In Hoofdstuk 4 werd een volledige technische beschrijving van het model gegeven, inclusief 
de algoritmes en defaultwaarden gebruikt om dermale, inhalatoire en orale blootstelling te 
modelleren. In dit hoofdstuk werd gedetailleerd aangetoond dat het nieuwe model een 
grote stap voorwaarts betekent ten opzichte van de bestaande modellen. De aanpak voor 
het modelleren van dermale bloostelling werd verbeterd en er werd een breed toepasbare 
aanpak ontwikkeld om inhalatoire en orale blootstelling in te schatten. Bovendien is het 
model in staat om zowel acute als langdurige blootstelling als gevolg van één of meerdere 
toepassingen op het gewas te modelleren. Het hoofdstuk sluit af met een korte introductie 
tot de BROWSE software. In de volgende hoofdstukken worden twee elementen van het 
model in meer detail besproken. Hoofdstuk 5 focust op transferfactoren, een cruciaal 
element om dermale blootstelling te modelleren. Hoofdstukken 6 en 7 richten zich op 
inhalatoire blootstelling als gevolg van vervluchtiging van de GBM in serres. 
Dermale bloostelling wordt berekend door te veronderstellen dat de mate van blootstelling 
afhankelijk is van de intensiteit van het contact met het behandelde gewas, de hoeveelheid 
residu op het blad en de duur van de blootstelling. Hierbij worden transferfactoren gebruikt 
om de intensiteit van het contact met het gewas uit te drukken. In Hoofdstuk 5 werden de 
resultaten van een diepgaande analyse van de beschikbare transferfactoren gerapporteerd. 
Alle beschikbare literatuurdata werden verzameld om zo de bestaande transferfactoren up 
te daten en nieuwe transferfactoren te bepalen voor bijkomende scenario’s. Het gebruik van 
data uit de literatuur ging echter gepaard met enkele belangrijke problemen, waarvan de 




aangetoond dat er weinig data voorhanden zijn waardoor het aantal scenario’s dat kan 
worden opgenomen in het model beperkt blijft. Bovendien leidt het gebruik van data uit de 
literatuur tot problemen rond consistentie en interpretatie. Gezien de data werden 
verzameld met behulp van een brede waaier aan bemonsteringstechnieken, 
vertegenwoordigen de resulterende transferfactoren ook verschillende types blootstelling. 
Bovendien is het mogelijk dat bij de analyse van de data interpretatiefouten gebeuren 
wanneer de beschikbare informatie in de studie onduidelijk of dubbelzinnig is. Ondanks deze 
beperkingen werden er nieuwe tranferfactoren bepaald en geïmplementeerd in het model 
als defaultwaarden. 
De vervluchtigingsproeven in Hoofdstuk 6 hadden als doel om de huidige kennis omtrent 
vervluchtiging in serres te verbeteren en om bovendien een dataset van gemeten 
concentraties in kaslucht te ontwikkelen die kon gebruikt worden bij de ontwikkeling van 
een model om deze concentraties te modelleren. In totaal werden vier proeven uitgevoerd. 
Bij de eerste proef werd chloorprofam toegepast op de bodem en bij de volgende drie 
proeven werden fenpropimorf en pyrimethanil toegepast op tomaten- of 
komkommerplanten. Tot vier dagen na de toepassing werden meetbare concentraties van 
de werkzame stoffen in de serrelucht gevonden. De concentraties waren het hoogst net na 
toepassing en toonden een dalende trend in de dagen na de toepassing. In sommige 
gevallen waren de concentraties in de namiddag hoger dan in de voormiddag omwille van de 
toename in temperatuur. Ventilatie van de serre verlaagde de concentraties en zorgde ook 
voor een versnelde afname op de dagen na toepassing. Dankzij een hogere dampdruk waren 
de concentraties in de kaslucht vaak hoger voor fenpropimorf dan pyrimethanil. In deze 
studie werd ook het belang van concurrende processen zoals opname in de plant onderlijnd. 
Om de inhalatoire blootstelling in serres te evalueren werd het PEARL indoor model 
ontwikkeld – zoals beschreven in Hoofdstuk 7 – om de concentratie van 
gewasbeschermingsmiddelen in serrelucht te modelleren. Dit model werd ontwikkeld 
vertrekkende van het bestaande PEARL model, dat de vervluchtiging van 
gewasbeschermingsmiddelen onder buitenomstandigheden beschrijft. De bestaande 
beschrijvingen voor vervluchtiging en andere processen zoals opname door de plant werden 
hiertoe aangevuld met beschrijvingen voor de processen van ventilatie en atmosferische 
afbraak. De concentratie in de lucht werd vervolgens berekend door te veronderstellen dat 
de werkzame stof de serrelucht bereikt via diffusie door een laminaire luchtlaag boven het 
gewas en vervolgens homogeen wordt vermengd in de volledige serre. Een vergelijking 
tussen de gemodelleerde concentraties en de gemeten concentraties van Hoofdstuk 4 
toonde aan dat het model in staat is om de concentratie van een werkzame stof in de 
serrelucht redelijk te benaderen. 
Om af te sluiten werden de belangrijke resultaten van dit doctoraat samengevat en 
besproken in Hoofdstuk 8 en werden er enkele suggesties gedaan voor verder onderzoek.









This doctoral dissertation presents the work that has been done to develop an improved 
worker exposure model for plant protection products (PPPs) within the framework of the 
BROWSE project (EU FP7). 
Plant protection products are used to ensure a good quality and yield of the crop by 
protecting it from harmful organisms and diseases. Regulation 1107/2009 requires that plant 
protection products undergo a strict authorization procedure before they can be placed on 
the market. This procedure is aimed at ensuring that these products are not only beneficial 
for crop production but also achieve a high level of protection for humans, animals, and the 
environment. As part of this procedure, these products are subjected to a human risk 
assessment in which the estimated exposure level is compared with an appropriate 
toxicological reference value. 
Human exposure assessments can be done by performing experimental exposure studies in 
which the exposure levels are determined by sampling methods such as whole body 
dosimetry. Chapter 1 serves as a general introduction to PPP exposure assessments in 
general and to worker exposure in particular. In Chapter 2, the results of a case-study on 
worker exposure are presented in detail. This case-study was focused on worker re-entry 
exposure in Flemish greenhouses with ornamental pot plants treated with PPPs. The main 
goal of this study was to measure the worker exposure levels and compare these with the 
toxicological references values to determine whether these workers are potentially at risk 
from exposure to PPPs. The results demonstrated that there is a potential risk when the re-
entry takes place shortly after application. However, simple mitigation measures such as 
safe re-entry intervals or appropriate clothing may be sufficient to reduce the exposure to 
acceptable levels.  
Exposure studies such as the one described in Chapter 2 are however expensive and time-
consuming. In the past, several models have been developed to estimate the exposure levels 
of the different exposed groups of the population, i.e. operators, workers, residents and 
bystanders. As these exposure models have been developed independently, there was no 
harmonized approach to assessing the exposure levels of these exposed groups. The 
BROWSE project was aimed at addressing this issue by developing new and improved 
exposure models to assess the exposure of operators, workers, residents and bystanders in a 
consistent and transparent way.  
Chapter 3 starts off with an overview of the currently existing worker exposure models. This
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 overview was aimed at identifying useful elements as well as important gaps in the current 
modelling approaches. In this chapter, a worker exposure scenario was defined as a 
combination of a crop group and a re-entry activity (e.g. harvesting of orchard fruit). Due to 
the wide range of possible exposure scenarios, a prioritisation of those scenarios which had 
to be addressed within the improved worker exposure model was performed. The final 
exposure scenarios included in the model reflected the availability of transfer coefficient 
data, a parameter required to estimate dermal exposure. These scenarios were: harvesting, 
pruning and thinning of orchard fruit, harvesting of grapes, harvesting of soft fruit (other 
than grapes), harvesting of indoor ornamentals and harvesting of indoor fruiting vegetables. 
The main determinants and mechanisms underlying worker exposure were identified and 
used to develop a comprehensive conceptual model. This conceptual model was used as a 
starting point for the development of the improved worker exposure model that includes 
the following exposure routes: dermal exposure due to contact with the treated crop, 
inhalation exposure due to volatilisation from the crop and oral exposure due to hand-to-
mouth contact.  
In Chapter 4, a complete technical description of the improved worker exposure model is 
given. This description includes the model algorithms used to estimate dermal, inhalation 
and oral exposure and a justification for the selected default values. This chapter 
demonstrates how the new worker exposure model progressed beyond the state-of-the-art 
by improving the current approaches for estimating dermal exposure and by developing 
new, generic approaches for estimating inhalation and oral exposure. Furthermore, the 
model provides tools for assessing acute and longer term exposure and exposure from single 
or multiple applications to the crop. The chapter concludes with a short introduction to the 
BROWSE user interface. Two elements of the model are discussed in more detail in the 
following chapters. Chapter 5 focuses on transfer coefficients, a crucial parameter for 
estimating dermal exposure, whereas Chapter 6 and Chapter 7 focus on inhalation exposure 
as a result of volatilisation of plants protection products in greenhouses. 
Dermal exposure is estimated based on the assumption that the level of exposure depends 
on the intensity of the contact with the crop, the amount of foliar residues and the duration 
of exposure. Transfer coefficients are used as a measure for the intensity of the contact with 
the treated foliage. In Chapter 5, an in-depth analysis of the available transfer coefficient 
data was performed. An up-to-date literature search was performed with the aim of 
updating the existing generic transfer coefficients and expanding the range of exposure 
scenarios. However, several issues associated with the indirect way of determining transfer 
coefficients from literature data were identified. Among these issues, data availability was 
considered to be the most important one. The analysis of the identified literature data has 
shown that data availability is overall quite poor and remains a bottleneck for extending the 




use of transfer coefficients from literature furthermore resulted in consistency and 
interpretation issues. Due to the wide range of sampling techniques used to measure dermal 
exposure, the resulting transfer coefficients also reflected different types of exposure. 
Moreover, the analysis of the literature data is prone to interpretation errors when the 
information reported in the studies is unclear or ambiguous. Despite these limitations, new 
indicative transfer coefficients were proposed and implemented as default values in the 
BROWSE software. 
The volatilisation experiments presented in Chapter 6 were aimed at expanding the current 
knowledge of the fate of plant protection products after their application in greenhouses, 
while developing a comprehensive dataset which could contribute to the development of a 
model for estimating PPP concentrations in greenhouses. This chapter describes the results 
of four volatilisation experiments conducted in vegetable greenhouses. The first experiment 
focused on volatilisation of chlorpropham after application to the soil, whereas the other 
experiments involved volatilisation of fenpropimorph and pyrimethanil after application to 
tomato or cucumber plants. Measurable concentrations of these substances were found in 
the greenhouse air for up to four days after application. The concentrations were highest 
shortly after application and showed an overall decrease on the days following application. 
In some cases, a diurnal pattern was observed as a result of the temperature pattern inside 
the greenhouse. This diurnal pattern was characterized by higher concentrations in the 
afternoon when greenhouse temperatures were also higher. Ventilation of the greenhouse 
lowered the concentrations and expedited the decrease in concentrations on the days 
following application. In the experiments with fenpropimorph and pyrimethanil, the 
concentrations found in the greenhouse air were generally higher for fenpropimorph due to 
its higher vapour pressure. The study furthermore emphasized the importance of competing 
processes such as plant penetration and degradation. 
 
In order to assess inhalation exposure to vapours in greenhouses, the PEARL indoor model 
was developed, as described in Chapter 7, to estimate PPP concentrations in greenhouse air. 
This model was developed based on the existing PEARL model that describes the fate of 
plant protection products in soil-plant systems under outdoor conditions. The descriptions 
for volatilisation and its competing processes were taken from the existing model and new 
descriptions for the processes of ventilation and atmospheric transformation were added. It 
was assumed that the substance reached the greenhouse air by diffusion through a laminar 
air boundary layer and was subsequently mixed homogenously in the entire greenhouse 
volume. Although further testing is still required, it was demonstrated that the model is able 
of providing reasonable estimates of the concentrations in a comparative study between the 
modelled concentrations and the measured concentrations from Chapter 4. 
 
Finally, the general discussion in Chapter 8 summarizes and discusses the main results 
obtained in this doctoral dissertation and provides some suggestions for further research.
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IF interception factor 
IOM Institute for Occupational Medicine 
KOC soil organic carbon-water partition coefficient 
KOM soil organic matter-water partition coefficient 
KOW octanol-water partition coefficient 
KP7 Zevende Kaderprogramma 
LAI leaf area index 
LOD limit of detection 
LOQ limit of quantification 
M&L mixing and loading 
m/z mass-to-charge ratio 
MAROV maximum ROV value 
MEDLINE Medical Literature Analysis and Retrieval System Online 
MET Metabolic Equivalent of Task 
MF migration factor for clothing or personal protective 
equipment 





n number of measurements/data points 
NA not available or not applicable 
ND non-detectable 
NOAEL No Observed Adverse Effect Level 
NQ non-quantifiable 
NS not sampled 
OAF oral absorption factor 
OECD Organization for Economic Co-operation and 
Development 
OPS Operational Priority Substances model 
PCG Provinciaal Proefcentrum voor de Groenteteelt Oost-
Vlaanderen 
PDE potential dermal exposure 
PEARL Pesticide Emission Assessment at Regional and Local 
Scale 
PPE personal protective equipment 
ppm parts per million 
PPP plant protection product 
PYR pyrimethanil 
RI re-entry interval 
ROV range of variation 
RSVP Research Station for Vegetable Production 
s.v.p. saturated vapour pressure 
SC suspension concentrate 
SD standard deviation 
SUD Sustainable Use Directive 
T duration of exposure 
TC transfer coefficient 
TSF task specific factor 
TTR transferrable turf residue 
U.S. EPA United States Environmental Protection Agency 
WHO World Health Organization 
WP Work Package 
 










Symbol Description Unit 
AA absorbed amount mg/kg BW/d 
Agh area of crop surface in the greenhouse m² 
AirCt concentration in air during re-entry µg/m³ 
Am/Ah fraction of hand area making contact with the mouth % 
AmaCrp amount of residue remaining on the crop % 
AmaPenCrp amount of residue penetrated in the crop kg/m².d 
AR application rate (liquid applications) kg a.s./ha 
ARseed application rate (seed treatment) g/ton seed 
BR breathing rate m³/h 
BW body weight kg 
c coverage of the body, provided by clothing % 
ca concentration in the greenhouse air kg/m
3 
CF correction factor - 
cg,p concentration in the gas phase at the plant surface kg/m
3 
CI crop interception factor % 
Ci(t) greenhouse concentration of CO2 at time t ppm 
Co outside concentration of CO2 ppm 
concsoil concentration of active substance in the soil mg a.s./m³ soil 
DAFp/d dermal absorption factor for product/in-use dilution % 
DAsoil adherence of the soil to the skin m³ soil/cm² 
DE dermal exposure µg/d 
DEbody dermal exposure of the body µg/d 
DEbody,b dermal exposure of bare body parts µg/d 
DEbody,c dermal exposure of covered body parts µg/d 
DEhands dermal exposure of the hands µg/d 
DEsoil dermal exposure to soil residues mg 
DF dilution factor - 
DFR dislodgeable foliar residue µg/cm² 
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Symbol Description Unit 
DFRn dislodgeable foliar residue (normalized for the 
application rate) 
µg/cm² per kg 
a.s./ha 
DFR0 dislodgeable foliar residue just after application µg/cm² 
DFR0,i dislodgeable foliar residue just after initial application µg/cm² 
DFR0,m dislodgeable foliar residue just after application m µg/cm² 
DFR0,n dislodgeable foliar residue just after n applications µg/cm² 
DFRt dislodgeable foliar residue at the time of re-entry 
(single application) 
µg/cm² 
DFRt,n dislodgeable foliar residue at the time of re-entry 
(multiple applications) 
µg/cm² 
DFRx dislodgeable foliar residue at time x  
(single application) 
µg/cm² 
DFRx,m dislodgeable foliar residue at time x  
(multiple applications) 
µg/cm² 
DRTC dose related transfer coefficient mg a.s./h per kg 
a.s./ha 
DT50f foliar half-life time d 
DT50air atmospheric half-life time d 
DT50pen half-life for plant penetration d 
fbody fraction body exposure/total exposure % 
FD dislodgeability factor % 
fhands fraction hand exposure/total exposure % 
GEV generic exposure value mL/operation or 
mg/hour or 
mg/operation 
I value of input variable - 
i number of days between applications days 
IAF Inhalation absorption factor % 
IBC value of input variable for the base-case scenario - 
IE inhalation exposure mg a.s./h or 
µg/d 
Jtra mass rate of transformation in greenhouse air kg/m³.d 
Jtra greenhouse ventilation rate d
-1 
Jven areic mass rate of exchange of substance with outside 
air by ventilation 
kg/m³.d 





Symbol Description Unit 
k degradation constant d-1 
kt,a transformation rate coefficient in the greenhouse air d
-1 
kven greenhouse ventilation rate d
-1 or h-1 
m application number - 
MAFm multiple applications factor for application m - 
MAFn multiple applications factor for n applications - 
MFC migration factor for clothing % 
MFG migration factor for gloves % 
n total number of applications - 
N number of hand-to-mouth contacts contacts/h 
O value of output variable - 
OAF oral absorption factor % 
OBC value of output variable for the base-case scenario - 
OE oral exposure µg/d 
OP number of operations per day  operations/d 
PE predicted exposure mg/d 
rb resistance for transport through boundary air layer  d/m
 
SE skin-to-mouth transfer factor % 
skin area area of skin in contact with the contaminated soil cm² 
T duration of exposure h/d 
t re-entry interval days 
TC transfer coefficient cm²/h 
TCa,body transfer coefficient for body exposure based on ADE cm²/h 
TCa,hands transfer coefficient for hand exposure based on ADE cm²/h 
TCa,total transfer coefficient for total exposure based on ADE cm²/h 
TCp,body transfer coefficient for body exposure based on PDE cm²/h 
TCp,hands transfer coefficient for hand exposure based on PDE cm²/h 
TCp,total transfer coefficient for total exposure based on PDE cm²/h 
TSF task specific factor - 
TTR transferable turf residue µg/cm² 
transfersoilskin transfer of the active substance from soil to skin % 
Vgh greenhouse air volume m³ 
x days after application m days 
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Chapter 1 describes the framework in which this doctoral dissertation was conducted. It 
provides background information about non-dietary exposure to plant protection products 
with a focus on worker exposure and describes how exposure assessments are currently 
done and how the BROWSE project aimed to progress beyond the state-of-the art.  
 
1 EXPOSURE TO PLANT PROTECTION PRODUCTS 
In agriculture and horticulture, plant protection products (PPPs) are applied to the soil or 
crop to safeguard the quality and yield of the crop by protecting it from harmful organisms 
and diseases. The use of PPPs may however result in a contamination of the different 
environmental compartments of the treated area: soil, water, air and vegetation.   
Before a PPP can be placed on the market, it has to undergo a strict authorization procedure 
aimed at proving that the product is beneficial for crop production and achieves a high level 
of protection for humans, animals, and the environment. This procedure was first 
harmonized within the European Union by Directive 91/414/EEC of 15 July 1991, which has 
now been replaced by the more recent Regulation 1107/2009 of 21 October 2009.  
With respect to non-dietary exposure to PPPs, the regulation requires a risk assessment for 
four different population subgroups, i.e. operators, workers, bystanders and residents. The 
regulation does not define these groups, but the European Food Safety Authority (EFSA) 
provides the following definitions (EFSA, 2010c).  
 
Operators are persons who are involved in activities relating to the application of a PPP. 
Such activities include mixing/loading the product into the application machinery, operation 
of the application machinery, repair of the application machinery whilst it contains the PPP, 
and emptying/cleaning the machinery/containers after use. Operators may be either 
professionals (e.g. farmers or contract applicators engaged in commercial crop production) 
or amateur users (e.g. home garden users). 
Workers are persons who, as part of their employment, enter an area that has previously 
been treated with a PPP or who handle a crop that has been treated with a PPP. 
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Bystanders are persons who are located within or directly adjacent to the area where PPP 
application or treatment is in process or has recently been completed. Their presence is 
quite incidental and unrelated to work involving PPPs, but their position might lead them to 
be exposed. They do not take action to avoid or control exposure. 
Residents are persons who live, work or attend school or any another institution adjacent to 
an area that is or has been treated with a PPP. Their presence is quite incidental and 
unrelated to work involving PPPs but their position might lead them to be exposed. They do 
not take action to avoid or control exposure and might be in the location for 24 hours per 
day. 
 
2 THE BASIC PRINCIPLES OF HUMAN RISK ASSESSMENTS 
As PPPs are biologically active substances, it is essential to assess the human health risks 
associated with the use of these products. When performing such an assessment, it is not 
only important to know the amount of substance a person is exposed to but also how toxic a 
product is. As a result, a risk assessment consists out of three steps (Figure 1-1). First, a 
hazard assessment is performed to establish the toxicological reference value, in casu the 
Acceptable Operator Exposure Level or AOEL. Second, an exposure assessment is needed to 
determine the exposure level of the person exposed to the substance. Finally, the risk 
characterization is aimed at comparing the data obtained from the dose-response and 




Figure 1-1 The different steps of a human risk assessment. 
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2.1 HAZARD ASSESSMENTS 
A hazard assessment is aimed at establishing an Acceptable Operator Exposure Level (AOEL), 
which can be used in the authorization procedure of a PPP to assess the risk of exposure to 
the active substance. The AOEL is defined in Directive 97/57/EC as "the maximum amount of 
active substance to which the operator may be exposed without any adverse health effects”. 
It is an internal (absorbed) dose available for systemic distribution from any route of 
absorption and is expressed as an internal level (mg/kg body weight/day). Although the term 
AOEL specifically refers to operators, it can also be used to evaluate the occupational 
exposure of workers and the non-occupational exposure of residents and bystanders 
(European Commission, 2006). 
A hazard assessment consists out of several consecutive steps (Figure 1-1). First, the 
toxicological profile of the active substance is described. The potential health effects of the 
substances are reported by route of exposure, type of health effect and length of exposure. 
This is called the hazard identification. Next, animal toxicology studies are performed to 
determine the no-observed-adverse-effect level (NOAEL), i.e. the dose-response evaluation. 
The NOAEL is defined as the highest dose level at which no statistically significant increases 
in frequency or severity of toxicologically relevant effects are observed between the 
exposed population and its appropriate controls (European Commission, 2006). The AOEL is 
based on the NOAEL in the most sensitive test species. To translate the NOAEL to an AOEL, 
assessment factors (or uncertainty factors) are applied to account for the uncertainties in 
extrapolating the NOAEL to the human population. A default assessment factor of 100 is 
used, which accounts for the interspecies variability (10-fold factor) and the intra-species 
variability (10-fold factor). Additional assessment factors can be applied to take account of 
the severity of the adverse health effects (e.g. teratogenic effects), the quality and extent of 
the toxicology studies and the duration of exposure. Finally, the NOAEL, which is an external 
dose, needs to be converted into an internal value by applying appropriate absorption 
factors. 
 
2.2 EXPOSURE ASSESSMENTS 
Exposure assessments are an integral part of the risk assessments required by the PPP 
authorization process. These assessments usually follow a tiered approach where exposure 
models provide the lower tier assessments and exposure studies provide the higher tier 
assessments. The first tier assessment is kept simple and uses recommended default values 
to provide a reasonable worst-case exposure estimate. If the first tier assessment provides 
an unacceptable outcome, the second tier assessment should provide a more refined 
exposure estimate by using more specific input values (e.g. measured values instead of 
default values) or by taking account of exposure mitigation measures (e.g. use of protective 
clothing). When the first and second tier assessments cannot guarantee a high level of 
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protection, ad hoc exposure field studies can be performed to generate higher tier exposure 
estimates for the product under assessment (TNO, 2007). 
In the past, several models have been developed to assess the exposure of operators, 
workers, bystanders and residents. All these models have been developed independently 
and as a result, there is no harmonized approach for evaluating the exposure of operators, 
workers and bystanders within the EU (EFSA, 2008a). Following a call within the Seventh 
Framework Programme, the BROWSE project was designed to address this issue. In the 
following section, a brief description of the BROWSE project and its objectives is given.  
 
3 THE BROWSE PROJECT 
The acronym BROWSE stands for Bystanders, Residents, Operators and WorkerS Exposure 
models for plant protection products. The BROWSE project started in January 2010 and 
ended in June 2014. It was supported by the Seventh Framework Programme of the 
European Commission and aimed at reviewing, improving and extending the models 
currently used in the risk assessment of PPPs to evaluate the exposure of operators, workers 
and bystanders and residents. These new and improved models will be used to contribute to 




Figure 1-2 BROWSE project concept including Work Package structure and Cross-Cutting Themes. 
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The work package structure of the project was aligned with the main project objectives, i.e. 
the development of improved exposure models. In addition, several key cross-cutting 
themes were identified that needed to be addressed in a consistent way throughout the 
project: scenario development, volatilisation, transfer factors, statistical modelling and 
calibration, and data management (Figure 1-2). Each work package and cross-cutting theme 
was assigned to a consortium member with relevant specialist expertise. Throughout the 
project, representatives of relevant stakeholders and end-users were involved and relevant 
gender issues were addressed while developing the BROWSE project outputs.   
 
The work presented in this doctoral dissertation was performed as part of work package 2 of 
the BROWSE project. The following chapters in this book will therefore focus on worker 
exposure and the exposure model developed within the framework of the BROWSE project.  
 
 
4 WORKER EXPOSURE TO PLANT PROTECTION PRODUCTS 
4.1 EXPOSURE ROUTES 
Worker exposure begins with the application of the PPP as it is the application that leaves 
behind residues on the crop, the soil and even in the air, potentially exposing the worker to 
the substance after its application during re-entry activities such as harvesting. There are 
three possible exposure routes through which a worker can be exposed to the substance: 
dermal exposure, inhalation exposure and ingestion or oral exposure (Figure 1-3). Dermal 
exposure is the result of direct contact with the contaminated crop or soil and may in its turn 
result in oral exposure when residue is transferred from the hands to the mouth during 
hand-to-mouth contact. Inhalation of the contaminated air may not only result in inhalation 
exposure but also in oral exposure when particles suspended in the air are deposited in the 
mouth cavity and are subsequently swallowed. 
 
 
Figure 1-3 Possible exposure routes for worker exposure (Alsco, 2014). 




Dermal exposure takes place when residue present on the crop is transferred to the worker 
when contact with the crop occurs during re-entry activities such as harvesting. The intensity 
of the contact with the treated foliage, the amount of residue present on the foliage and the 
duration of the re-entry activity are considered to be the main factors influencing the level 
of exposure. The dislodgeable foliar residue (DFR) is used to express the amount of foliar 
residue that can be dislodged and transferred to the worker and transfer coefficients (TC) 
are used as a measure for the intensity of the contact with the foliage. During some activities 
(e.g. weeding), contact with the contaminated soil may also contribute to the total dermal 
exposure. 
The application of a PPP will not only result in a contamination of the crop and soil, but also 
in a contamination of the air. Inhalation exposure is the result of the inhalation of the 
contaminated air during re-entry activities and mainly depends on the concentration in the 
air, the breathing rate and the duration of exposure.  
Oral exposure can take place in two ways. The first involves hand-to-mouth contact during 
gestures such as wiping of the mouth. This contact can result in a transfer of the substance 
from the hands to the mouth after which the substance can be ingested. The second occurs 
when the air is loaded with particles containing PPPs and some of these particles are 
deposited in the mouth cavity and subsequently ingested. 
 
4.2 HOW TO MEASURE WORKER EXPOSURE 
Worker exposure research is characterized by two types of measurements. Exposure 
sampling is aimed at determining the amount of exposure of the worker, whereas DFR 
sampling is aimed at determining the amount of residue present on the crop that can be 
transferred to the worker.  
 
4.2.1 EXPOSURE SAMPLING: DERMAL EXPOSURE 
Different methods of measuring dermal exposure of re-entry workers have been used and 
described in literature. Each method is associated with its own advantages and 
disadvantages which need to be considered carefully when selecting a method. This choice 
will however also influence how the resulting exposure data should be interpreted.  
The patch and whole body dosimetry methods are the most commonly used methods to 
measure body exposure of re-entry workers. As these methods don’t cover exposure of the 
hands, they are used in combination with hand washes, hand wipes or gloves to assess hand 
exposure. In the following paragraphs, a brief overview of each method is given with 
attention to how the resulting exposure estimates should be interpreted. 
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With the patch method, patches made from cloth or paper are attached to the body of the 
worker and act as collection media for the applied substance. After the sampling period, the 
patches are removed to determine the PPP content. Using standard body part surface areas, 
the exposure found on the patches is extrapolated to the entire body part. The patch 
method assumes a uniform distribution of the exposure across the body part and may 
therefore give an under- or overestimation of the total body exposure (OECD, 1997; U.S. 
EPA, 1996).   
To overcome the problem with the patch method, whole body dosimeters can be used to 
measure the body exposure. These dosimeters are usually lightweight coveralls or other 
clothing items which cover the entire body. By doing so, extrapolation from the patch area 
to the body part surface area is no longer required. Although the whole body dosimetry 
method is generally thought to give a better estimate of the dermal exposure, it may still 
result in an underestimation of the exposure. Unlike the patches, the whole body dosimeters 
are not backed with an impermeable barrier and residues may penetrate through the 
dosimeters. The additional layer of clothing may also restrict the movement of the workers, 
resulting in an unrepresentative exposure pattern (OECD, 1997; U.S. EPA, 1996). 
The hands are a worker’s tools when performing re-entry activities in treated crops. As a 
result, hand exposure often accounts for a significant proportion of the total exposure. 
Gloves, hand washes or hand wipes are often used to sample dermal hand exposure. The 
glove technique may result in an under- or overestimation of the real exposure if the gloves 
have a different retention capacity for the residues than the hands. A hand wash may also 
result in an underestimation if the washing liquid is not capable of extracting residues which 
have already been adsorbed on to the skin (OECD, 1997; U.S. EPA, 1996). 
At this point, it is important to emphasize the difference between potential dermal 
exposure, actual dermal exposure and dermal absorbed dose. Figure 1-4 provides a 
schematical representation of each of these exposure types. These terms will be used 
throughout the rest of this dissertation and a clear understanding of them is necessary as 
the difference between them has a substantial impact on the understanding and 
interpretation of the model. 
 
   
Figure 1-4 Schematical representation of potential dermal exposure (left), actual dermal exposure 
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Potential exposure is the total amount of PPP coming into contact with the protective 
clothing (PPE), work clothing and exposed skin. Actual exposure is the amount of PPP 
coming into contact with exposed skin and the fraction migrating through protective and 
work clothing (OECD, 1997). The placement of the dosimeters (under or above the normal 
work clothing) determines whether the resulting exposure estimates represent actual or 
potential exposure. 
In contrast to potential and actual exposures, which are external exposures, the absorbed 
dose is an internal exposure. It is the amount of substance that has migrated from the outer 
surface of the skin into the circulatory system (EFSA, 2012b). 
 
4.2.2 EXPOSURE SAMPLING: INHALATION EXPOSURE 
Inhalation exposure is usually considered to be less important than dermal exposure, but 
can be significant under certain conditions (e.g. indoors). The personal air sampling 
technique is the most appropriate method as the sampling equipment is carried around by 
the worker and will result in a representative estimate of the inhalation exposure. The 
technique involves a sampling tube containing a sorption medium placed within the 
breathing zone and a small sampling pump attached to the clothing. The sampling rate of 
the pump is set to represent the breathing rate of the worker and the choice of the sorption 
medium depends on the active substance in question (OECD, 1997). 
 
4.2.3 DISLODGEABLE FOLIAR RESIDUE SAMPLING 
The dislodgeable foliar residue (DFR) is the deposit on the crop that can be dislodged and 
transferred from the crop to the worker during re-entry activities (EFSA, 2008). Several 
methods have been applied to determine the foliar residue of PPPs. The most commonly 
used method to determine the DFR involves the aqueous extraction of leaf punches or leaf 
discs. This methodology was proposed by Iwata et al. (1977), based on the original 
publications of the method by Gunther et al. (1974; 1973). The methodology has been 
adopted as the standard procedure by many researchers, although variations like the EPA 
protocol do occur (U.S. EPA, 1996a). 
The Iwata procedure involves the sampling of three replicate samples of 40 leaf punches 
with a 2.54 cm diameter leaf punch sampler, illustrated in Figure 1-5. In case it is not feasible 
to collect leaf punches due to the shape or size of the leaves, whole leave samples need to 
be sampled. The main advantage of the leaf punch method is that the sampled leaf surface 
area can easily be calculated based on the number of leaf punches and the leaf punch 
diameter. A sample of 40 leaf discs with a 2.54 cm diameter has a total double-sided leaf 
surface area of 400 cm². In case of whole leaf samples, the leaf area needs to be determined 
with for instance a leaf area meter. 





Figure 1-5 Example of leaf sampling with a leaf punch sampler (Redebel, 2014). 
 
After sampling, the leaf samples are extracted with an aqueous solution containing a 
surfactant. Iwata et al. (1977) proposed to prepare this solution by adding four drops of a 
1/50 dilution of Sur-Ten (dioctyl sodium sulfosuccinate) to 100 mL of water, but other 
surfactants have been used in different concentrations. Extraction with organic solvents is 
however not recommended because it can extract residues which have already been taken 
up in the leaf and are therefore not available for transfer to the worker (U.S. EPA, 1996). 
Further procedures depend on the available analytical method and the studied substance. 
 
5 OBJECTIVES OF THE DOCTORAL DISSERTATION 
This doctoral dissertation presents the work that has been done to develop an improved 
model for assessing worker re-entry exposure to PPPs. This introductory chapter has already 
provided general information on exposure to plant protection products in general and on 
worker exposure in particular. The next chapters will further expand on the issue of worker 
exposure.  
In Chapter 2, the issue of worker exposure was explored further by means of an 
experimental exposure study.  This case-study was focused on worker exposure during re-
entry activities in Flemish greenhouses with treated ornamental pot plants. The study was 
aimed at investigating whether exposure to plant protection products poses a risk for the re-
entry workers and to identify which mitigation measures can be taken to reduce worker 
exposure. The exposure levels during different worker activities in treated bush lilies were 
determined by means of exposure sampling. Additionally, leaf sampling was performed to 
study the fate of the applied substance on the plants after its application. 
Exposure studies such as the one described in Chapter 2 are expensive, time-consuming and 
labour-intensive. Exposure models provide a useful tool for estimating exposure without the 
need for performing exposure studies. In Chapter 3, a state-of-the art overview of the 
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existing models for worker exposure is given. This overview was used to identify useful 
approaches as well as gaps in the current models and served as a starting point to develop 
an improved conceptual model for worker re-entry exposure that progressed beyond the 
state of the art. First, worker exposure scenarios were defined and prioritised. Next, the 
most important exposure mechanisms and determinants were identified. Finally, this 
information was integrated into a conceptual model that addresses the relevant routes of 
exposure for re-entry workers. 
With the priority exposure scenarios and the newly developed conceptual model in mind, a 
new and improved worker exposure model was developed. This model was aimed at 
extending the useful existing approaches and addressing some of the gaps identified in the 
previous chapter. Chapter 4 provides a detailed technical description of the BROWSE worker 
exposure model and describes the algorithms, parameters and default values used in the 
model. In the following three chapters, two elements of the worker exposure model are 
discussed in more detail. Chapter 5 focuses on transfer coefficients, a crucial parameter for 
estimating dermal exposure, whereas Chapter 6 and Chapter 7 focus on inhalation exposure 
as a result of volatilisation of plants protection products in greenhouses. 
In Chapter 5, an up-to-date literature search was performed to identify all possible sources 
of transfer coefficients. The aim of this literature search was to update and extend the 
existing transfer coefficients based on an in-depth analysis of the available data. 
Chapter 6 presents the results of volatilisation experiments conducted in vegetable 
greenhouses. These experiments were aimed at improving the current knowledge of the 
volatilisation process from plant surfaces in greenhouses by studying the effect of 
influencing factors such as the greenhouse ventilation rate and the air temperature on the 
measured concentrations in the greenhouse air. In the meantime, a complete and 
comprehensive dataset was developed that could be used to test and improve the recent 
PEARL model for estimating greenhouse concentrations of plant protection products. 
In Chapter 7, a model to simulate concentrations of plant protection products in greenhouse 
air is presented. First, the model algorithms and input parameters for the model are 
described. Next, a sensitivity analysis was performed to improve our understanding of the 
model and to identify the parameters that have the greatest impact on the model output. 
Finally, the results from the volatilisation experiments described in Chapter 6 were used to 
test the predictions of this newly developed model against measured data. 
The last chapter – Chapter 8 – discusses and draws conclusions about the main results of 
this dissertation. This chapter not only focuses on the results obtained in this dissertation, 














CASE-STUDY: WORKER EXPOSURE TO PLANT PROTECTION 
PRODUCTS IN ORNAMENTAL GREENHOUSES 
 
 
In this chapter, the results of a case-study on worker exposure are presented. Dermal 
exposure measurements were conducted during several re-entry activities in treated pot 
plants in Flemish ornamental greenhouses. The main purpose of this study was to 
investigate whether re-entry workers are potentially at risk as a result from exposure to 
plants protection products. 
 
1 INTRODUCTION 
Plant protection products (PPPs) are used to protect the crop from harmful organisms and 
diseases with the goal of safeguarding the yield and quality of the harvest. However, the 
application of these products also leaves behind residues on the crop. Maximum Residue 
Levels (or MRLS) are the upper legal levels for PPP residues in or on food or feed and are 
determined under the assumption of good agricultural practices. The aim of these MRLs is to 
protect the consumers of food crops by ensuring the lowest possible consumer exposure  
(EFSA, 2014a). In practice, pre harvest intervals (the time between application and harvest or 
earliest possible use of the treated product) are set based on residue decline studies to 
ensure that the amount of residue at the time of harvest is below the MRL. As MRLs ensure 
that good agricultural practices are applied and pre harvest intervals are set, they will not 
only protect the consumer of the crop but also the worker involved in harvesting the crops. 
However, in the EU, there is currently no regulation that establishes MRLs for ornamental 
crops that are not intended for human consumption (Lubbe, 2013). As a result, no pre 
harvest intervals are set for ornamental crops, allowing them to be harvested shortly after 
application. The persons involved in handling the ornamentals may therefore be highly 
exposed to the residues present on the ornamentals. 
Exposure studies can be performed to evaluate the exposure of ornamental workers to PPPs. 
In the past, most exposure studies in ornamentals focused on exposure in cut flowers as 
these are the most important ornamental crops produced in the EU and daily manual 
activities take place year round. As the production of ornamentals is highly concentrated in 
the Netherlands (European Commission, 2013), many of these studies were conducted by 
Dutch researchers (Brouwer et al., 1992b; de Haan et al., 1996; van Hemmen et al., 1992; 




portion of the total agricultural area, but it is heavily concentrated in the province of East-
Flanders. In 2013, the ornamental industry covered an area of about 1253 ha (6456 ha when 
including tree nurseries). Approximately 50% of this area (648 ha) was grown in East-
Flanders (FPS Economy, 2013). A breakdown of the ornamental growing industry shows that 
pot plants are the most important ornamental crops grown in Belgium, as illustrated by 
Figure 2-1.  
 
 
Figure 2-1 Composition of the ornamental growing industry in Belgium (in ha) (FPS Economy, 2013). 
 
Some studies have been dedicated to evaluating workers’ exposure resulting from activities 
in treated pot plants. Aprea and her colleagues conducted a series of studies on exposure in 
pot plants in Italy (Aprea et al., 1999; Aprea et al., 2001; Aprea et al., 2002; Aprea et al., 
2005; Aprea et al., 2009). In the Netherlands, Schipper et al. published a series of reports on 
exposure to PPPs during re-entry activities, including some reports on studies performed in 
pot plants (Schipper et al., 1996; Schipper et al., 1998a). In Denmark, Kirknel et al. (1997) 
performed a project aimed at investigating the potential exposure of workers in 
greenhouses where ornamentals such as pot flowers and pot plants were grown. So far, no 
such studies have been performed in Belgium. Nevertheless, workers employed in the 
Belgian ornamental growing industry might be more in contact with PPP residues than other 
workers due to the intensive nature of the ornamental growing industry which is 
characterized by relative short growing cycles, dense cultivations on limited areas and a 
variety of manual activities (Volckaert, 2006). 
This chapter presents the results of exposure experiments conducted in Flemish ornamental 
greenhouses. The aim of this study was to determine the exposure levels of workers 
involved in handling pot plants treated with plant protection products and to investigate 
whether this exposure poses a potential risk. To this purpose, the exposure of workers 
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dosimetry. Three types of activities were monitored: selecting and inspecting, sorting and 
cleaning, and transferring of the ornamental pot plant Clivia miniata. These activities took 
place after application with deltamethrin, imidacloprid or fluazinam. In addition, leaf 
samples were taken to determine the dislodgeable foliar residue at the time of re-entry and 
operator exposure levels were determined to compare the exposure levels of workers and 
operators. From the worker exposure and DFR data, transfer coefficients for the performed 
activities were calculated and compared with those found for similar activities. 
 
2 MATERIALS AND METHODS 
2.1 EXPERIMENTAL SET-UP 
The study was conducted in ornamental greenhouses located at the heart of the Belgian 
ornamental growing industry, East-Flanders. The ornamental pot plant Clivia miniata (bush 
lily) was grown in pots of different sizes placed in plastic trays on the greenhouse floor. The 
bush lily is a flowering plant which grows to a height of approximately 50 cm. The plants 
have smooth, waxy, strap shaped leaves in a fan arrangement (Figure 2-2). 
 
 
Figure 2-2 Clivia miniata (Leo Michels). 
 
The cultivation of Clivia miniata is characterized by manual activities during which the 
workers come into contact with the PPPs present on the plants. Five male workers (referred 
to as w1-w5) were monitored while performing operator and worker activities in the 
greenhouses. Although the focus of this study was on worker exposure, operator exposure 
was also determined to allow a comparison between both types of exposure. The aim of this 
study was to measure the exposure levels under realistic conditions. Therefore, the normal 
working conditions were not interfered with during the course of this study. Hence, the 





The operator activities included mixing and loading of the spraying equipment and the 
application itself (Figure 2-4). For workers, the monitored activities were: selecting and 
inspecting (task 1), sorting and cleaning (task 2) and transferring of the plants (task 3). Task 1 
and task 2 are illustrated in Figure 2-3. During selecting and inspecting, the plants were 
selected from the greenhouse according to the specifications required by the customer (e.g. 
pot size or plant height) and checked for the presence of diseases and pests. During this task, 
the worker walked in between the plants and selected marketable plants by picking them up 
by the leaves. The plants were then visually checked for diseases and pests by inspecting the 
plant in general and by looking in between the leaves (e.g. to check for the presence of 
mealy bugs). Plants that were diseased or infected were thrown away, whereas healthy 
plants were put on a trolley. During sorting and cleaning (task 2), the plants that had been 
selected from the greenhouse were sorted according to their height and were cleaned up by 
removing unaesthetic leaves and wiping dirt from the remaining leaves. This task involved 
taking the plants from the trolley and placing them on a work bench, where the plants were 
sorted and cleaned, before placing them on another trolley. During transferring (task 3), 
young plants were spaced from each other by picking them up and placing them into new 
plastic trays which allowed the plants enough space to grow further. 
 
   




Three application methods were applied in the ornamental greenhouses: 1) high-volume 
spraying, 2) pouring and 3) irrigating. The high-volume spraying applications were performed 
by means of a hand-held spray gun (Mortier bologna 3.5 idrolancia, 7 bar) attached with a 
hose to a mobile spray tank with a capacity of 500 liters (JMB Mortier, Belgium). In case of 
pouring, a shower head gun, which produced larger droplets at a low pressure, was used 




spray gun or shower head gun in one hand, while pulling the hose with the other (Figure 
2-4). During application, the operator wore a Tyvek coverall over his regular work clothing, 
heavy duty rubber gloves, rubber boots and a full face mask with filters. The third method 
involved using the overhead irrigation system to apply the spraying liquid to the crop, thus 
eliminating the need of an operator to perform the application. A summary of the 
application parameters of each experiment is presented in Table 2-1. The physico-chemical 




Figure 2-4 High-volume spraying application (left) and pouring application (right). 
 
Table 2-1 Plant protection product application parameters. 
Experiment Product Substance Application rate  Treated area (m²) Method 
1 Decis EC 2.5 deltamethrin 0.08 kg a.s./ha 3000 Spraying 
2 Warrant 200 SL imidacloprid 1 kg a.s./ha 500 Pouring 
3 Warrant 200 SL imidacloprid 0.7 kg a.s./ha 3000 Pouring 
4 Decis EC 2.5 deltamethrin 0.08 kg a.s./ha 3000 Spraying 
5 Warrant 200 SL imidacloprid 1 kg a.s./ha 3000 Pouring 
6 Epok 600 EC fluazinam 20 g a.s./100 L unknown Irrigating 
7 Warrant 200 SL imidacloprid 1 kg a.s./ha 200 Pouring 
Table 2-2 Product name, physico-chemical properties and toxicological reference values of the 
applied substances (DG SANCO, 2014; University of Hertfordshire, 2013). 
 Imidacloprid Fluazinam Deltamethrin 
Product name 
  
Warrant 200 SL (200 g/L) 
Confidor 200 SL (200 g/L) 
Epok 600 EC (400 g/L) Decis EC 2.5 (25 g/L) 
Vapour pressure (mPa) 4.0 x 10
-7
 (25°C) 7.5 (25°C) 1.24 x 10
-5 
(25°C) 
Water solubility (mg/L) 610 (20°C) 0.135 (20°C) 0.0002 (25°C) 
Henry’s constant (Pa.m³/mol) 1.7 x 10
-10 
(25°C) 25.9 (25°C) 3.1 x 10
-2 
(25°C) 
log KOW (-) 0.57 4.03 4.6 




2.3 EXPOSURE AND LEAF SAMPLING 
In this study, the whole body dosimetry method was applied to assess the potential dermal 
exposure of operators and workers in ornamental greenhouses. In addition, leaf punch 
samples were taken to determine the dislodgeable foliar residue at the time of re-entry. An 
overview of the sampling performed in this study is presented in Table 2-3. 
 
Table 2-3 Overview of the exposure and leaf sampling performed during the ornamental greenhouse 
experiments. 
 Exposure sampling Leaf 





Experiment 1: re-entry exposure to deltamethrin 
15/09/2011       
16/09/2011    (RI = 1 d)    
19/09/2011    (RI = 4 d)    
12/01/2012     (RI = 118 d)   
Experiment 2: operator and re-entry exposure to imidacloprid 
23/03/2012       
27/03/2012     (RI = 4 d)   
Experiment 3: re-entry exposure to imidacloprid 
03/08/2012       
22/10/2012     (RI = 80 d)   
23/10/2012     (RI = 81 d)   
Experiment 4: operator exposure to deltamethrin 
10/11/2012       
Experiment 5: operator exposure to imidacloprid 
16/11/2012       
17/11/2012       
Experiment 6: re-entry exposure to fluazinam 
22/09/2012       
26/11/2012     (RI = 65 d)   
Experiment 7: re-entry exposure to imidacloprid 
25/02/2013       
02/04/2013       (RI = 36 d)  
RI = re-entry interval,  = not sampled,  = sampled. 
 
2.3.1 EXPOSURE SAMPLING 
This study was conducted according to the U.S. EPA guidelines for dermal exposure sampling 
(U.S. EPA, 1996). Potential dermal exposure of the workers was measured by means of 100% 
cotton gloves (Carl Roth GmbH + co KG, Germany) and 50% cotton/50% polyester long 




2-3). During task 1 (selecting and inspecting), both gloves and trousers1 were used because it 
was expected that both the hands and the legs would make substantial contact with the 
crop during this activity. Only gloves were worn during task 2 (sorting and cleaning) and task 
3 (transferring), as these tasks only involved contact with the hands. Before the start of the 
sampling period, the workers were asked to wash their hands to remove any previous 
residues before putting on the gloves. No other gloves were worn over or under the 
sampling gloves. The trousers were worn over the regular work clothing and thus provided 
an estimate of the potential exposure. The gloves and trousers were worn for sampling 
periods of approximately 2 hours, which corresponded with one work shift at the holding. 
Potential dermal exposure of the operators was determined with 100% cotton gloves (Carl 
Roth GmbH + co KG, Germany) worn over the regular protective gloves and a Tyvek coverall 
(Model CHF5 Classic Xpert Cat. III, Du Pont, USA) worn over the regular work clothing. Hence, 
the resulting exposure levels reflect potential operator exposure. During application, the 
spray tank of 500 L needed to be filled several times, depending on the surface area that 
needed treatment. Operator exposure was measured per spraying episode of approximately 
20 to 25 minutes, which was the time needed to apply one spray tank of 500 L. 
Upon completion of the sampling period, the workers and operators removed the gloves by 
turning them inside out to minimize the loss of material accumulated on the gloves. Each 
glove was wrapped in aluminium foil and labelled accordingly. The trousers and coverall 
were sectioned in smaller pieces before turning the pieces inside out and wrapping them in 
aluminium foil. The samples were handled with caution to avoid cross-contamination 
between the different subsections of the samples. All samples were kept in a cooling 
container during transport and stored at a temperature of -18°C until analysis. 
 
2.3.2 LEAF SAMPLING 
To assess the amount of residue on the crop at the time of re-entry, leaf sampling was done 
according to the method proposed by Iwata et al. (1977). At least three replicate leaf 
samples were taken with a leaf punch sampler (Rabbit Tool, USA). One sample consisted out 
of 40 2.5 cm diameter leaf punches, taken randomly across the treated crop. Each sample of 
40 leaf punches was wrapped in aluminium foil and kept at a temperature of -18°C until 
analysis. 
 
2.4 EXTRACTION AND ANALYSIS 
2.4.1 EXTRACTION OF THE LEAF SAMPLES 
In their procedure for determining the dislodgeable foliar residue, Iwata et al. (1977) 
                                                     




suggested to use an aqueous surfactant solution as a dislodging solution for determining the 
dislodgeable foliar residue of PPPs. In practice, such an aqueous surfactant solution is 
prepared by adding a few drops of a diluted surfactant solution to 100 mL of water. 
Examples of surfactants used for this are Sur-Ten and Tween. However, during the 
laboratory tests performed in preparation of the field studies, the addition of a surfactant to 
the dislodging solution caused interferences on the chromatogram. Therefore, additional 
laboratory tests were set up to check whether the addition of a surfactant resulted in an 
improvement of the extraction of the substance from the leaf surface. This was done by 
spiking 6 leaf samples with a known amount of the substance. Three samples were extracted 
with an aqueous surfactant solution, prepared by adding 4 drops of 1:50 dilution of Tween 
20 surfactant to 100 mL of water. The other three samples were extracted with 100 mL of 
water. Comparison of the average concentrations of the extraction solutions showed that 
there was no difference between both extraction procedures. Therefore, no surfactant was 
added to the dislodging solution in the extraction procedures used during the further course 
of the study.  
To determine the dislodgeable foliar residue of deltamethrin and fluazinam on the leaves, 
each sample was shaken in 100 mL of water in a shaker (Edmund Bühler GmbH, Germany) at 
200 strokes per min for 1 hour. The solution was decanted into a separating funnel and was 
extracted with 50 mL of hexane. A saturated sodium chloride solution (25 mL) was added to 
improve the separation of the aqueous layer and the solvent layer. The solvent layer was 
drained from the funnel and dried over sodium sulphate (Na2SO4). This procedure was 
performed twice. If low concentrations of the substance were expected, the solvent was 
evaporated in a Rotavapor (Heidolph Instruments GmbH, Germany) and the residue was 
redissolved in 10 mL of hexane. An aliquot of the solvent was transferred to a vial for further 
analysis with GC-MS (fluazinam) or GC-ECD (deltamethrin). To determine the amount of 
deltamethrin or fluazinam in the waxy layer of the leaves, the leaf samples were shaken in 
100 mL of chloroform for 15 minutes. After removing the leaf punches, the solvent was 
filtered and dried over Na2SO4, before evaporation in a Rotavapor. The sample was 
redissolved in 5 mL of hexane for GC-MS or GC-ECD analysis. Next, the leaf samples were 
homogenized in 100 mL of hexane with help of a T18 Basic Ultra-Turrax mixer (IKA, 
Germany) to determine the amount of substance penetrated into the leaves. The extract 
was then filtered to remove the leaf residues and dried over Na2SO4 to remove any water, 
before evaporating the solvent in the Rotavapor. The sample was finally dissolved in 5 mL of 
hexane of which an aliquot was used for further analysis with GC-MS or GC-ECD. 
The leaf samples containing imidacloprid were shaken in 100 mL of water in a shaker at 200 
strokes per min for 1 hour to determine the dislodgeable foliar residue of the substance. 
Subsequently, the samples were placed in an ultrasonic bath for another 15 minutes. Next, 
the aqueous solution was filtered to remove any dirt or leaf residue before transferring an 




imidacloprid in the waxy layer of the leaves, the leaf punches were shaken in 100 mL of 
chloroform in a shaker at 200 strokes per min for 15 minutes. After removing the leaf 
punches, the solvent was filtered and dried over Na2SO4 before transferring an aliquot into a 
vial for HPLC analysis. Next, the amount of imidacloprid penetrated into the leaves was 
determined by mixing and homogenizing the leaf punches in 40 mL of ethyl acetate with a 
T18 Basic Ultra-Turrax mixer (IKA, Germany). The extract was filtered over a Buchner filter 
and dried over Na2SO4 to remove the leaf residues and any excess water. The dried extract 
was evaporated with the Rotavapor and dissolved in 5 mL of HPLC solvent (20% ACN and 
80% H2O + 0.1% H3PO4). An aliquot of the solvent was transferred to a vial for further 
analysis with HPLC. 
 
2.4.2 EXTRACTION OF THE DOSIMETER SAMPLES 
To determine the amount of deltamethrin or fluazinam on the exposure dosimeters 
(trousers, coveralls and gloves), each item or subsection was cut into small pieces and 
shaken in an appropriate volume of hexane for 1 hour. Next, the solvent was dried over 
Na2SO4 while taking care to extract as much solvent from the pieces as possible. The solvent 
was evaporated in a Rotavapor and the extract was redissolved in a small volume of hexane 
(5 or 10 mL), from which an aliquot was used for further analysis with GC-MS or GC-ECD. 
This process was repeated up to three times to ensure that all the deltamethrin or fluazinam 
had been extracted from the gloves. 
The dosimeters containing imidacloprid were cut into small pieces and were shaken in 200 
mL of ethyl acetate for 1 hour. Next, the sample was put in an ultrasonic bath for another 30 
minutes. After the ultrasonic treatment, the solvent was dried over Na2SO4, while ensuring 
that as much solvent as possible was removed from the dosimeter pieces. Finally, the extract 
was evaporated in a Rotavapor and redissolved in 5 mL of HPLC solvent for further analysis 
with HPLC.  
 
2.4.3 ANALYSIS  
Samples containing deltamethrin or fluazinam were analysed with a gas chromatograph 
(Agilent Technologies 6890 N) connected to, respectively, an electron capture detector (ECD) 
or a mass spectrometer (MS). The gas chromatograph was equipped with a HP-5MS column 
(30 m x 250 µm x 0.25 µm). The operating conditions were as follows: the oven temperature 
was initially set at 60°C and increased at a rate of 20°C/min to 150°C, then increased at a 
rate of 15°C/min to 250°C where it was held for 2 minutes. Next, the temperature increased 
at a rate of 30°C/min to 270°C at which it was held for 10 minutes. Finally, the temperature 
increased to 280°C at a rate of 30°C/min where it was held for another 15 minutes. With this 





Samples containing imidacloprid were analysed by HPLC-DAD UV analysis, performed on a 
Finnigan Surveyor HPLC equipped with a pump, autosampler and diode array detector 
(Thermofischer, USA). The HPLC was fitted with an Alltima HP C18-EPS column (3 µm x 150 
mm x 3 mm; Alltech Associated Inc. Deerfield, IL, USA). The mobile phase consisted of an 
acetonitrile (solvent A) and 0.1% H3PO4 water (solvent B) solution. The gradient changed 
from 20% of solvent A in the first 4 minutes to 35% for the remaining 3 minutes. The flow 
rate was 0.7 mL/min. The detector was set at a wavelength of 268 nm. 
 
The extraction recovery of imidacloprid, fluazinam and deltamethrin was 90 ± 6.3%, 83 ± 
0.4% and 110 ± 10% respectively. The limits of detection were 0.003, 0.03 and 0.015 mg/L 
for imidacloprid, fluazinam and deltamethrin, respectively. For samples below the limit of 
detection, ½ of the LOD was used for further calculations.  
The amount of active substance found on/in leaves was expressed as µg/cm², by dividing the 
mass found on/in the leaves by the double-sided leaf surface area of the leaf punches (2 x 40 
x (2.54/2)² x π = 400 cm2). The foliar residues were calculated as the averages across the 
replicate samples. 
The exposure levels found on the dosimeters were expressed in mg/h, by dividing the mass 
found on the levels by the duration of the sampling period. The total exposure was 
calculated as the sum of the exposure levels found on the individual body parts. 
 
3 RESULTS 
This section present the results of the exposure experiments conducted in the bush lily 
greenhouses. First, the re-entry exposure data and corresponding leaf residue data from 
experiments 1, 2, 3, 6 and 7 are each discussed in detail. Next, the operator exposure data 
from experiments 2, 4 and 5 are briefly discussed and compared with the re-entry exposure 
data. Summaries of the worker and operator exposure data are given in Table 2-4 and Table 
2-6, respectively. 
 
3.1 EXPERIMENT 1: RE-ENTRY EXPOSURE TO DELTAMETHRIN DURING TASK 1 (SELECTING AND INSPECTING) 
AND TASK 2 (SORTING AND CLEANING) 
3.1.1 EXPERIMENT 1: LEAF SAMPLES 
In addition to the leaf samples taken on the days of re-entry (day 1, 4 and 118), leaf samples 
were taken on day 0, 1, 2, 3, 4, 6, 8, 13, 20, 27 and 68 to evaluate the dissipation of 
deltamethrin on the leaves. The resulting DFR values are presented in Figure 2-5. The 
application resulted in an increase of the DFR from 0.011 ± 0.001 µg/cm² (measured before 




the crop before the application originated from previous applications with deltamethrin. The 
most recent application took place on 30/08/2011, i.e. 18 days before the start of the 
experiment. After the application, the residue rapidly decreased to 0.011 ± 0.003 µg/cm² 
during the first few days after application (day 0 – 6) and showed little or no further 
decrease for the remaining days (day 8 – 118). On day 118 after application, the DFR was still 
0.007 ± 0.001 µg/cm². 
 
 
Figure 2-5 Experiment 1: decline of dislodgeable foliar residue (average ± SD; n = 3) of deltamethrin 
on Clivia miniata.  
 
To assess the dissipation kinetics of deltamethrin on the leaf surface, the DFR data from 
Figure 2-5 were also fitted on a log-linear plot (log (DFR) versus time) and a reciprocal-linear 
plot (1/DFR versus time). The resulting plots are presented in Figure 2-6. The calculated R²-
values were approximately 0.36 for first-order kinetics and 0.39 for second-order kinetics. 
This suggests that neither regression provided a good fit with the data. The log-linear plot of 
the data however suggested that deltamethrin might behave according to a biphasic 
dissipation pattern. As described by Whitmyre et al. (2004), biphasic dissipation behaviour is 
characterized by initial rapid decline phase followed by a slower decline phase and appears 
as a “hockey stick” on a log-linear plot. Linear regression was applied across days 0 through 6 
(rapid decline) and days 8 through 118 (slow decline). The corresponding R² values were 
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Figure 2-7 Biphasic kinetics for the dissipation of deltamethrin on Clivia miniata. 
 
As these findings implied that the known kinetics cannot describe the decline of the DFR of 
deltamethrin on bush lilies, additional leaf samples were taken and spiked with a known 
amount of deltamethrin (9.9 mg per 400 cm² of leaf) to investigate the partitioning of 
deltamethrin after application. Analysis of the samples revealed that high amounts of 
deltamethrin (34 ± 9 mg; n = 8) were found in the wax layer. As these amounts were much 
higher than the spiked amount, it became clear that deltamethrin from previous applications 
had accumulated in the wax layer. As bush lilies have a thick wax layer and deltamethrin is a 
highly lipophilic molecule (log Kow = 4.6), the wax layer of the plant acted as a sink for 
deltamethrin. A long-term release of the residues accumulated in the wax layer may explain 
why deltamethrin was still present on the leaves 3 months after the application and why it 
was not possible to describe the decline of deltamethrin with the known kinetics. 
In addition to investigating the decline of the DFR residues, the effect of overhead irrigation 
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on the DFR could be studied because the bush lilies were watered by overhead irrigation 
during the course of the experiment. To evaluate the effect of this irrigation on the DFR, the 
DFR was determined before and after the irrigation event which took place 4 days after 
application, i.e. on 19/09/2011. As there was no significant difference between the DFRs 
measured before and after irrigation (DFRbefore = 0.010 ± 0.001 µg/cm²; DFRafter = 0.011 ± 
0.004 µg/cm²), it was concluded that irrigation didn’t have a significant effect on the DFR of 
deltamethrin in this specific case-study. As deltamethrin is a hydrophobic component, it may 
not be very susceptible for wash-off which explains why there was no significant difference 
between the samples taken before and after the irrigation event. 
 
3.1.2 EXPERIMENT 1: WORKER EXPOSURE 
In experiment 1, the dermal exposure of a worker (w1) involved in task 1 (selecting and 
inspecting) and task 2 (sorting and cleaning) was assessed by means of gloves and trousers 
worn over the regular trousers. The tasks were carried out 1, 4 and 119 days after 
application with deltamethrin. The results of the exposure measurements have been 
summarized in Table 2-4.  
The total dermal exposure rates were below 1 mg/h for both activities (Table 2-4). The 
exposure levels ranged from 0.507 to 0.721 mg/h for task 1 and from 0.025 to 0.031 mg/h 
for task 2. This difference in exposure levels can be explained by the difference in tasks and 
re-entry intervals. Task 1 (selecting and inspecting) took place 1 and 4 days after the 
application and required the worker to walk through the treated plants while occasionally 
picking up marketable plants. Hence, the legs as well as the hands of the worker were in 
contact with the treated crop during this task. As task 2 (sorting and cleaning) didn’t involve 
foliar contact with the legs and was performed much longer after the application, the 
exposure levels of task 2 were a factor 10 lower compared to task 1.  
During task 1, the legs of the worker were in continuous contact with the crop, whereas the 
hands were only in contact with the crop when a plant was selected. As a result, the legs 
received the highest levels of exposure, and more specific the lower legs as the plants only 
reached up to the knees of the worker, as demonstrated by Figure 2-3. Closer inspection of 
the hand exposure data in Figure 2-8 shows that the exposure of the right hand was 
systematically higher than the exposure of the left hand for both tasks. This can be explained 
by the fact that the worker was right-handed and showed a right-handed preference to 







Figure 2-8 Experiment 1: potential dermal exposure distribution for worker w1 during task 1 
(selecting and inspecting, in blue) and task 2 (sorting and cleaning, in green) after application of 
deltamethrin. 
 
Considering the decline of the residue on the crop, it was expected that the highest 
exposure resulting from task 1 would be observed on the first day after application. 
However, the exposures measured on the fourth day were higher than those measured on 
the first day after application: 0.721 and 0.630 mg/h on day 4, compared to 0.507 mg/h on 
day 1 (Table 2-4). Figure 2-8 shows that the hand exposures were very similar for both re-
entry days but that the lower legs received a higher exposure on the fourth day after 
application. This suggests that the worker needed to cover more area to find the same 
number of marketable plants. 
As task 2 (sorting and cleaning) took place about 4 months after the application, it was 
expected that the exposure of the worker would be either very low or non-detectable. In 
contrast to the expectations, the exposure levels of the hands were not only still measurable 
but also of the same order of magnitude as the levels observed during task 1, which took 
place shortly after application. Two factors contributed to these unexpectedly high levels of 
exposure. First, the dislodgeable foliar residue of deltamethrin showed little or no decline 
from day 8 after application onwards, as can be seen in Figure 2-5. Second, the task required 
an intense contact with the crop as the worker wiped the leaves with his hands to remove 
dirt from the leaves. A combination of these two factors made it possible that such levels of 














3.2  EXPERIMENT 2: RE-ENTRY EXPOSURE TO IMIDACLOPRID DURING TASK 2 (CLEANING AND SORTING) 
3.2.1 EXPERIMENT 2: LEAF SAMPLES 
To evaluate the decline of imidacloprid on the crop, leaf punch samples were taken just 
before the application and 1, 2, 6, 10 and 26 days after the application. The results have 
been plotted in Figure 2-9. 
 
 
Figure 2-9 Experiment 2: decline of dislodgeable foliar residue (average ± SD; n = 3) of imidacloprid 
on Clivia miniata. 
 
Before the application, only a trace of imidacloprid could be found on the leaves, indicating 
that the imidacloprid from previous treatments had mostly dissipated. After the application, 
the DFR of imidacloprid didn’t demonstrate the typical decline observed in other DFR 
studies. In contrast, the DFR of imidacloprid seemed to increase in the first few days after 
application: from 0.076 ± 0.011 µg/cm² on day 1 to 0.115 ± 0.030 µg/cm² on day 6.  
Imidacloprid is a systemic substance and is therefore applied by high-volume pouring to 
ensure that the spraying liquid drips from the plants and reaches the soil, where it can 
subsequently be taken up in the plant by root-systemic uptake. As imidacloprid is known to 
be translocated through the plant via xylem transport (Stoner & Eitzer, 2012; Sur & Stork, 
2003), it is possible that a translocation of the substance from the roots to the leaves or a 
redistribution inside the leaves took place. However, it is unlikely that the observed increase 
in DFR was the result of such a translocation, as this type of transport usually concerns small 
amounts (ppb range). In addition, the substance would not only have needed to be 
transported from the roots to the leaves, it would also have needed to be transported to the 
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the substance during the pouring application. If the leaf punches taken during the third and 
sixth day after application were taken from plants that received a higher dose, the resulting 
DFR values may have given the impression of an increase in DFR. 
 
3.2.2 EXPERIMENT 2: WORKER EXPOSURE 
Worker exposure was determined during task 2 (cleaning and sorting) 4 days after an 
application with imidacloprid took place. Dermal hand exposure was determined by means 
of cotton gloves during two consecutive sampling periods for worker w2 and during one 
sampling period for worker w1. Each samples period lasted about 2 hours. The results have 
been summarized in Table 2-4.  Since the left and right glove were analysed separately, a 
comparison between the left and right hand exposure of the worker was possible. Figure 
2-10 illustrates how the exposure was distributed between the left and right glove. The left 
glove of worker w1 was lost, so only the results from the right glove are presented.  
Table 2-4 shows that the total potential exposure to imidacloprid averaged around 10 mg/h 
for worker 2 (w2). The potential exposure of worker 1 (w1) amounted to 9 mg/h for the right 
hand only, indicating that the total exposure of this worker was probably much higher than 
the 10 mg/h observed for worker 2. As both workers carried out the tasks in the same crop 
(with the same DFR), this means that worker 1 probably had a higher work rate and was 
therefore subject to more contact with the treated plants. 
 
The right-handed preference observed for worker 1 during experiment 1 was not observed 
for worker 2 in this experiment. Even though worker 2 professed to be right-handed, the 
right hand exposure was not consequently higher than the left hand exposure, which 
suggests that this worker was ambidextrous in sorting and cleaning of the plants. For worker 
1, no conclusions could be drawn as the left-hand glove was lost.      
   
 
Figure 2-10 Experiment 2: potential dermal exposure distribution for workers w1 and w2 during task 
2 (cleaning and sorting) after application with imidacloprid. 














3.3 EXPERIMENT 3: RE-ENTRY EXPOSURE TO IMIDACLOPRID DURING SORTING AND CLEANING 
3.3.1 EXPERIMENT 3: LEAF SAMPLES 
To evaluate the foliar residue of imidacloprid at the time of re-entry (80 to 81 days after the 
application), leaf samples were taken from the plants handled during sorting and cleaning. 
To assess how the substance was distributed in the plants, the amount of imidacloprid 
residue on the leaves, in the wax layer and penetrated in the leaves was determined. The 
results are presented in Figure 2-11. 
 
 
Figure 2-11 Experiment 3: foliar residues of imidacloprid on the leaves, in the wax layer and 
penetrated into the leaves (average ± SD; n = 6) 80 days after the application. 
 
Eighty days after the application, more imidacloprid residue was found in the leaves (0.009 ± 
0.003 µg/cm²) than on the leaves (0.003 ± 0.004 µg/cm²), as demonstrated by Figure 2-11. 
Imidacloprid was applied by pouring, an application method aimed at applying the spray 
liquid to the soil instead of the crop to allow the substance to be taken up by the plant. As 
imidacloprid is known to be persistent in soil (Fossen, 2006), it continues to be available for 
root uptake long after the application. Hence, the residues present in the soil can provide a 
long-term supply for root uptake and may still be found in the leaves long after the 
application. In contrast, residues present on the leaf surface are a result of the deposit of 
spraying liquid on the crop and will therefore only decline after the application. As a result, it 
is possible that, long after the application, the internal residues are higher than the external 
residues.  
In experiment 1, deltamethrin was shown to accumulate in the wax layer of the plants due 
to its lipophilic nature. Unlike deltamethrin, imidacloprid is not lipophilic (log KOW = 0.57) and 
is therefore unlikely to accumulate in the wax layer of the leaves. As a result, no detectable 














3.3.2 EXPERIMENT 3: WORKER EXPOSURE 
During experiment 3, the potential hand exposure of worker w1 was estimated from glove 
dosimeters. The worker wore gloves during 2 consecutive sampling periods of 2 hours during 
cleaning and sorting (task 2) of bush lilies which had been treated with imidacloprid 80 to 81 
days earlier.  
 
 
Figure 2-12 Experiment 3: potential dermal exposure distribution for worker w1 during task 2 
(cleaning and sorting) after application with imidacloprid. 
 
Even though the re-entry took place more than 2 months after the application, the 
imidacloprid residue levels on the gloves were still measureable. The total hand exposure 
was 0.005 mg/h and 0.004 mg/h, for the first and second sampling period respectively. The 
hand exposure levels were hence much lower in comparison with experiment 2, during 
which hand exposure levels around 10 mg/h were found (Table 2-4). The long re-entry 
interval of this experiment was not only reflected by the lower exposure levels, but also by 
the lower foliar residues. An average dislodgeable foliar residue of 0.003 ± 0.004 µg/cm² was 
found for this experiment (Figure 2-11). 
 
 
3.4 EXPERIMENT 6: RE-ENTRY EXPOSURE TO FLUAZINAM DURING TASK 1 (SELECTING AND INSPECTING) AND 
TASK 2 (CLEANING AND SORTING) 
3.4.1 EXPERIMENT 6: LEAF SAMPLES 
The leaf samples taken on the day of re-entry were analysed for residues on the leaves, in 
the wax layer and in the leaves. The results, presented in Figure 2-13, show that, 65 days 
after the application, measureable amounts of fluazinam were found on the surface and in 
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the wax layer of the leaves, but no fluazinam was found to have penetrated deeper into the 
leaves.  
 
A dislodgeable foliar residue of 0.026 ± 0.021 µg/cm² was found on the leaves. Considering 
that fluazinam has little systemic activity, no detectable concentrations were found inside 
the leaves. Like deltamethrin, the octanol-water partition coefficient of fluazinam (log KOW = 
4.03) indicates that fluazinam is lipophilic. As a result of its lipophilic nature, fluazinam could 




Figure 2-13 Experiment 6: foliar residues of fluazinam on the leaves, in the wax layer and penetrated 
into the leaves (average ± SD; n = 3) 65 days after the application. 
 
3.4.2 EXPERIMENT 6: WORKER EXPOSURE 
In experiment 6, dermal exposure to fluazinam of workers involved in task 1 (selecting and 
inspecting) and task 2 (cleaning and sorting) was determined by means of cotton gloves. 
After the plants were selected by worker 1, they were sorted and cleaned by worker 3. The 
number of days between application and re-entry was 65 days.  
Even though the re-entry took place more than 60 days after the application, measurable 
levels of exposure to fluazinam were still found. The potential hand exposure during cleaning 
and sorting averaged around 0.145 mg/h. For selecting and inspecting, the measured 
exposure was 0.045 mg/h. This indicates that re-entry exposure to fluazinam can still take 
place long after the application. Similar observations have already been made for 
deltamethrin and imidacloprid in the previous experiments. 
During the previous experiments, a right-handed preference was often observed because 
the workers were right-handed. Similarly, worker 3 was left-handed and this was reflected 














handed preference in sorting and cleaning of the plants, as illustrated by the higher left hand 
exposure levels in Figure 2-14. Worker 1, who was right-handed, didn’t show a clear right-
handed preference, as the right hand exposure was only slightly higher than the left hand. 
 
 
Figure 2-14 Experiment 6: potential dermal exposure distribution for worker w1 during task 1 
(selecting and inspecting, in blue) and for worker w3 during task 2 (sorting and cleaning, in green) 
after application with fluazinam. 
 
3.5 EXPERIMENT 7: RE-ENTRY EXPOSURE TO IMIDACLOPRID DURING TASK 3 (TRANSFERRING) 
3.5.1 EXPERIMENT 7: LEAF SAMPLES 
Leaf samples taken 36 days after the application with imidacloprid took place, were analysed 
for imidacloprid residues on the leaves, in the wax layer and in the leaves (Figure 2-15). A 
dislodgeable foliar residue of 0.037 ± 0.015 µg/cm² was found on the leaves. During 
experiments 2 and 3, the average dislodgeable foliar residues of imidacloprid were 
respectively 0.105 and 0.003 µg/cm². Hence, the DFR found in this experiment was 
somewhere in between those found in the previous experiments. This is in line with the 
expectations based on the re-entry interval as the re-entry interval of this experiment (36 
days) was also somewhere in between those of experiment 2 (4 days) and experiment 3 (80 
to 81 days). 
Only a trace of imidacloprid was found in the wax layer of the leaves, whereas foliar residues 
of approximately 0.003 ± 0.004 µg/cm² were found inside the leaves. These results confirm 
our earlier findings from experiment 3 that imidacloprid is not accumulated in the wax layer 
of the plants, but can be taken up by the plants either by foliar uptake or by root uptake 
from the soil.  
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Figure 2-15 Experiment 7: foliar residues of imidacloprid on the leaves, in the wax layer and 
penetrated into the leaves (average ± SD; n = 3) 36 days after application. 
 
3.5.2 EXPERIMENT 7: WORKER EXPOSURE 
In experiment 7, the dermal exposure of two workers (w4 and w5) involved in spacing the 
plants was monitored during two consecutive sampling periods. The results in Table 2-4 
show that exposure levels between 0.005 and 0.051 mg/h were found, even though the 
application with imidacloprid took place 36 days earlier.  
As observed for the other workers involved in this study, both workers (w4 and w5) showed 
a right-handed preference when transferring the plants, as illustrated by Figure 2-16. This 
figure also shows that the exposure of both hands was higher during the second sampling 
period for both workers. This indicates that the workers may have picked up the work rate 
during the second sampling period and transferred more plants than during the first 
sampling period, which resulted in an increase of the exposure. 
 
 
Figure 2-16 Experiment 7: potential dermal exposure distribution for workers w4 and w5 during task 
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3.6 TRANSFER COEFFICIENTS 
The results from the experiments conducted in this study have confirmed that the amount of 
contact with the treated foliage is an important determinant for dermal exposure of re-entry 
workers. Transfer coefficients are used as a measure for the amount of contact with the 
foliage and are usually expressed in cm² of leaf surface area per hour. Transfer coefficients 
were determined from the data in this study by dividing the measured exposure level (in 
µg/h) with the corresponding dislodgeable foliar residue level (in µg/cm²). The resulting 
transfer coefficients are listed in Table 2-4. 
For task 1 (selecting and inspecting), the transfer coefficients for hand exposure ranged from 
1800 to 4900 cm²/h, with an average of 3800 cm²/h (n = 4). The continuous contact of the 
legs with the treated foliage when selecting the plants resulted in very high transfer 
coefficients for exposure of the legs: 37400 to 67200 cm²/h, with an average of 52700 cm²/h 
(n = 3).  
For task 2 (cleaning and sorting), a wide range of transfer coefficients for hand exposure 
were found: 1400 to 107800 cm²/h (n = 10). Closer inspection of the data reveals that there 
was a clear difference between the transfer coefficients found during experiment 2, which 
took place shortly after application, and experiments 1 and 3, which took place long after 
the application. The difference observed between these transfer coefficients was at least 
more than a tenfold. The transfer coefficients for experiment 2 were all at the higher end of 
the observed range: 88400 – 107800 cm² (n = 3), whereas the transfer coefficients for the 
other experiments were much lower: 1400 – 5800 cm²/h (n = 7). It is clear that an average 
transfer coefficient calculated from the entire range of values (31400 cm²/h) will be biased 
by the higher values from experiment 2. As transfer coefficients are a measure for the 
amount of contact with the crop, it seems obvious to say that more contact with the crop 
took place during experiment 2 in comparison with experiments 1 and 3. However, it seems 
unlikely that the difference observed between these experiments was only caused by a 
different amount of contact with the crop. The activity (cleaning and sorting) was always 
performed in the same way, the same type of plants was used throughout the study and at 
least one worker (w1) was involved in all three experiments. Hence, it seems more likely that 
the difference in re-entry interval caused or at least contributed to this discrepancy. As 
experiment 2 took place only 4 days after the application, it is possible that the foliar 
residues were more readily available for transfer to the worker than the residues in 
experiment 1 and 3 which took place respectively 119 and 80-81 days after the application. 
During the latter, the residues may have adsorbed more strongly to the leaf surface because 
more time had passed between the application and the re-entry. Hence, it is possible that 
these residues were less available for transfer to the worker, even though this was not 




Finally, the transfer coefficients for task 3 (transferring) were much lower than those 
calculated for task 1 and 2. The transfer coefficients for hand exposure ranged between 100 
and 1400 cm²/h, with an average of 600 cm²/h (n = 4).  
 
3.7 WORKER RISK ASSESSMENT  
The exposure levels found in this study were used to assess the potential risk of the worker 
exposure to the PPPs. To this purpose, the exposure levels (in mg/h) were converted to 
absorbed doses (in mg/kg body weight/d) by assuming that a work day lasts 8 hours, the 
worker has a body weight of 70 kg and that 10% of the dermal exposure is absorbed into the 
body of the worker. For experiment 1, it was also assumed that the worker wore trousers 
during the re-entry and that these provided a tenfold reduction of the exposure. The 
resulting absorbed doses can be found in Table 2-5. 
A comparison between the absorbed doses and the AOELs shows that there was only a 
potential risk for the workers during the second experiment. In this experiment, workers 
were involved in sorting and cleaning of plants four days after an application with 
imidacloprid took place. The absorbed doses varied between 0.11 and 0.13 mg/kg body 
weight/day, whereas the AOEL of imidacloprid is 0.08 mg/kg bodyweight/day. However, it 
should be noted that the exposure levels measured in experiment 1 during selecting and 
inspecting resulted in absorbed doses close to the AOEL when it was assumed that the 
workers wore shorts instead of full-length trousers. In this case, the estimated absorbed 
doses were up to 0.0073 mg/kg body weight/day and were hence not far off from the AOEL 
of deltamethrin (0.0075 mg/kg body weight/day). As workers may wear shorts instead of 
trousers during the warm summer months, it is not unlikely that such exposures may occur. 
As the estimated absorbed doses from the second experiment were above the AOEL, a 
second risk assessment was performed by assuming that the worker wore gloves which 
provided a tenfold reduction of the exposure of the hands. The results in Table 2-5indicate 
that the gloves provided enough protection to lower the absorbed doses under the AOEL. 
With gloves, the absorbed doses decreased to approximately 0.01 mg/kg bodyweight/day 
which was well below the AOEL of 0.08 mg/kg bodyweight/day.  
These findings illustrate that the exposure levels measured in this study didn’t pose a risk for 
the workers when the re-entry intervals were sufficiently long. How long these re-entry 
intervals should be, will in the first place depend on the decline of the residue on the crop 
and will therefore be substance-dependent. When the re-entry took place shortly after the 
application, the exposure levels potentially posed a risk for the worker. The results from this 
study however demonstrated that simple mitigation measures such as long trousers or 
gloves are sufficient to reduce the exposure of the worker to acceptable levels when a quick 




Table 2-4 Summary of worker exposure and dislodgeable foliar residue (DFR) data collected for re-entry exposure in greenhouses with Clivia miniata. 
Experiment Measurement Active substance Task Worker RI (d) Exposure (mg/h) DFR  
(µg/cm²)  Hands Legs Total 
1 1A deltamethrin 1 w1 1 0.058 0.449 0.507 0.012 
 1B  1 w1 4 0.049 0.672 0.721 0.010 
 1C  1 w1 4 0.041 0.589 0.630 0.011 
 1D  2 w1 119 0.028 NS 0.028 0.007 
 1E  2 w1 119 0.025 NS 0.025 0.007 
 1F  2 w1 119 0.031 NS 0.031 0.007 
2 2A imidacloprid 2 w2 4 9.6 NS 9.6 0.1051 
 2B  2 w2 4 11.3 NS 11.3 0.1051 
 2C  2 w1 4 9.3 NS 9.3 0.1051 
3 3A imidacloprid 2 w1 80 0.005 NS 0.005 0.003 
 3B  2 w1 81 0.004 NS 0.004 0.003 
6 6A fluazinam 1 w1 65 0.045 NS 0.045 0.026 
 6B  2 w3 65 0.141 NS 0.141 0.026 
 6C  2 w3 65 0.151 NS 0.151 0.026 
7 7A imidacloprid 3 w4 36 0.005 NS 0.005 0.037 
 7B  3 w4 36 0.020 NS 0.020 0.037 
 7C  3 w5 36 0.007 NS 0.007 0.037 
 7D  3 w5 36 0.051 NS 0.051 0.037 
RI = re-entry interval, DFR = dislodgeable foliar residue, NS = not sampled. 
1





Table 2-5 Calculated transfer coefficients and absorbed doses for re-entry exposure in greenhouses with Clivia miniata. 
Experiment Measurement Active 
substance 





 (mg/kg BW/d) 
   Hands Legs Total Assuming trousers 
and no gloves 
Assuming trousers 
and gloves 
1 1A deltamethrin 1 w1 1 4800 37400 42200 0.0012  
 1B  1 w1 4 4900 67200 72100 0.0013  
 1C  1 w1 4 3700 53600 57300 0.0011  
 1D  2 w1 119 3900 NS 3900 0.0003  
 1E  2 w1 119 3600 NS 3600 0.0003  
 1F  2 w1 119 4400 NS 4400 0.0004  
2 2A imidacloprid 2 w2 4 91400 NS 91400 0.11 0.01 
 2B  2 w2 4 107800 NS 107800 0.13 0.01 
 2C  2 w1 4 88400 NS 88400 0.11 0.01 
3 3A imidacloprid 2 w1 80 1800 NS 1800 0.00  
 3B  2 w1 81 1400 NS 1400 0.00  
6 6A fluazinam 1 w1 65 1800 NS 1800 0.001  
 6B  2 w3 65 5400 NS 5400 0.002  
 6C  2 w3 65 5800 NS 5800 0.002  
7 7A imidacloprid 3 w4 36 100 NS 100 0.00  
 7B  3 w4 36 500 NS 500 0.00  
 7C  3 w5 36 200 NS 200 0.00  
 7D  3 w5 36 1400 NS 1400 0.00  




3.8 OPERATOR EXPOSURE 
During experiment 2, 4 and 5, the potential dermal exposure of the operator was measured 
by means of a Tyvek coverall and cotton gloves, worn over the regular (protective) clothing. 
The exposure was determined during two pouring applications with imidacloprid and one 
spraying application with deltamethrin. In addition, one mixing and loading operation with 
imidacloprid was monitored. Table 2-6 provides an overview of the resulting exposure data. 
 
3.8.1 EXPERIMENT 2 AND 5: OPERATOR EXPOSURE DURING APPLICATION OF IMIDACLOPRID 
During experiment 2, the total potential dermal exposure amounted to 15.3 mg/h for the 
first application and 7.4 mg/h for the second application. During experiment 5, the potential 
dermal exposure of the operator totalled to 1.2 mg/h and 4.6 mg/h for the first and second 
application, respectively. The mixing and loading operation resulted in a total hand exposure 
of 7.7 mg/h.  
As the operator used his hands to handle the spraying equipment, the highest levels of 
imidacloprid were found on the hands, as shown in Figure 2-17. This figure also shows that 
the exposure of the right hand was often higher than that of the left hand. This can probably 
be attributed to the way the operator handled the equipment. As the operator used his right 
hand to hold the shower head gun (i.e. the source of exposure), the highest exposures were 
observed on the right hand. Figure 2-4 shows that the left hand exposure most likely 
resulted from pulling the hose which was contaminated with spray liquid deposited on the 
greenhouse floor.  
During experiment 2, the exposure of the hands notably decreased between the first and 
second application: 10.7 and 4.8 mg/h, respectively. This may have been the result of 
residual contamination present on the protective gloves from previous applications. As the 
sampling gloves were worn over the protective gloves, some of this previous contamination 
may have transferred to the sampling gloves during the first application. 
In addition to the hands, residues were also found on the legs, torso, arms and head of the 
operator. The exposure of these body parts was the result of direct and indirect contact with 
the spraying liquid. Direct contact with the spraying liquid occurred when the spraying liquid 
was deposited directly on the operator, e.g. when the operator moved forward into the 
spray. Indirect contact may also have taken place when the operator came into contact with 






Figure 2-17 Experiments 1 and 5: potential dermal exposure distribution for worker w1 during  
mixing and loading and application of imidacloprid by pouring. 
 
3.8.2 EXPERIMENT 4: OPERATOR EXPOSURE DURING APPLICATION OF DELTAMETHRIN 
During experiment 4, the total potential exposure of the operator during high-volume 
spraying of deltamethrin was approximately 0.5 mg/h (Table 2-6). The level of exposure was 
hence considerably lower than the levels observed during application of imidacloprid in 
experiments 2 and 5 (1.2 – 15.3 mg/h). Deltamethrin was applied at a rate of 0.08 kg a.s./ha, 
whereas imidacloprid was applied at a rate of 1 kg a.s./ha. The lower application rate used 
during spraying of deltamethrin most likely contributed to these lower levels of exposure. 
 
 
Figure 2-18 Experiment 4: potential dermal exposure distribution for worker w1 during application of 










Left hand Right hand Left arm Right arm Left leg Right leg Head Torso
Potential dermal 
exposure (mg/h) 
Application 1 (exp 2)
Application 2 (exp 2)
Mixing and loading
Application 3 (exp 5)












The distribution of the exposure across the body was also different: the highest exposure 
occurred on the legs instead of the hands (Figure 2-18). Figure 2-4 demonstrates that during 
high-volume spraying the PPP spray is formed much closer to the body of the operator 
because the spray gun is held closer to the body and at a lower height in comparison with 
the pouring application. As a result, more direct deposit of the spraying liquid on the legs 
may have occurred.  
 
3.8.3 COMPARISON BETWEEN OPERATOR AND WORKER EXPOSURE DATA 
A comparison between the operator exposure data in Table 2-6 and the worker exposure 
data in Table 2-4 shows that worker re-entry can result in similar exposure levels as those 
found during application of the PPPs. This is especially true when the re-entry takes place 
shortly after the application and requires an intensive contact with the treated foliage, as 
was the case during experiment 2. However, it is important to consider that workers may be 
exposed to the treated crop the entire day and that they usually do not wear any protective 
equipment.  
Table 2-6 Summary of operator exposure data. 
Experiment Active 
substance 
Task Method Exposure (mg/h) 
Hands Body Total 
2 imidacloprid APP Pouring 10.7 4.6 15.3 
  APP Pouring 4.8 2.6 7.4 
4 deltamethrin APP  Spraying 0.15 0.38 0.53 
5 imidacloprid M&L Direct 
pour 
7.74 NS 7.7 
  APP Pouring 0.66 0.49 1.2 
  APP Pouring 3.44 1.14 4.6 
APP = application, M&L = mixing and loading. 
 
4 DISCUSSION 
The purpose of this study was to evaluate workers’ exposure to PPPs applied to ornamental 
pot plants in Flemish greenhouses. The results from this study have shown that worker re-
entry into the treated plants can result in measureable levels of exposure long after the 
application has taken place. The re-entry interval, the dislodgeable foliar residue and the 
intensity of the contact during the re-entry activity with the crop were found to be 
important determinants for the level of re-entry exposure. 
A comparison between exposure studies is often difficult as the measured exposure levels 
depend on many factors, including the re-entry interval, the application rate, the 




coefficients are – at least in theory – substance-independent and can therefore be more 
easily compared. The estimated transfer coefficients for potential hand exposure ranged 
from 1800 to 4900 cm²/h for selecting and inspecting, from 1400 to 107800 cm²/h for 
sorting and cleaning and from 100 to 1400 cm²/h for transferring. In addition, transfer 
coefficients for potential leg exposure were calculated to vary between 37400 and 67200 
cm²/h for selecting and inspecting. Aprea et al. (2002) calculated an average transfer 
coefficient of 20.54 ± 8.96 cm²/h for the exposure of workers involved in fixing runners of 
Scindapsus to a mossy support. This value is much lower than the transfer coefficients 
calculated in this study, but this value represents actual exposure as hand washes were 
performed on workers who wore gloves and the patch dosimeters were placed underneath 
the clothing of the workers. In another study by Aprea et al. (2009), a similar average value 
of 36.4 cm²/h was calculated for stapling ornamental pot plants (Scindapsus or Ficus) to a 
mossy support. In their study on worker exposure in begonias (a popular type of pot plant in 
the Netherlands), Schipper et al. (1998a) found a transfer coefficient of 580 cm²/h for 
trimming, sorting or spacing and a value of 508 cm²/h for packaging. Schipper and his 
colleagues also found transfer coefficients for potential hand exposure of 491 cm²/h and 139 
cm²/h for respectively tolylfluanid and carbendazim during potting of cyclamen (Schipper et 
al., 1996). The transfer coefficients calculated by Schipper et al. were generally much lower 
than those found in this study. This can be largely attributed to the differences in performed 
activities and crop heights. The plants used in this study were much taller and the monitored 
activities required an intense contact with the crop, resulting in higher transfer coefficients 
than those measured by Schipper and his colleagues.  
In the current regulatory framework, transfer coefficients of 4000 and 10000 cm²/h are used 
for respectively potential hand and potential body exposure (van Hemmen et al., 2002). 
These values are based on literature data on harvesting of cut flowers published by Brouwer 
et al. (1992d, 1992c) and Kirknel et al. (1997). The transfer coefficient for potential hand 
exposure of 4000 cm²/h compares quite favourably with the transfer coefficients from this 
study (1400 – 5800 cm²/h), except for the very high transfer coefficients obtained in 
experiment 2. The transfer coefficients for potential leg exposure from this study (37400 to 
67200 cm²/h) were also quite high compared with the value of 10000 cm²/h. This indicates 
that the use of this transfer coefficient may not be appropriate for estimating worker 
exposure due to activities in treated pot plants as it may in some cases result in an 
underestimation of the exposure. 
The results from this study demonstrate that the fate of a PPP after application depends on 
many factors, including the application type, the lipophilicity and the activity of the 
substance. In their review on foliar uptake of plant protection products, Wang & Liu (2007) 
considered the lipophilicity of the substance as the most important property with concern to 
foliar uptake. The octanol-water partition coefficient (KOW) is often used to describe the 




lipophilic (Wang & Liu, 2007). Due to its lipoidal nature, the epicuticular wax layer of the 
plants can act as a sink for the accumulation of these lipophilic substances (Katagi, 2004). 
Deltamethrin and fluazinam both have a high octanol-water partition coefficient (log KOW of 
4.6 and 4.03, respectively) and can therefore be considered lipophilic. The results from this 
study show that these substances had a tendency to accumulate in the epicuticular wax of 
the leaves. Imidacloprid, which had a much lower octanol-water partition coefficient, was 
only found in trace amounts in the wax layer of the leaves. On the other hand, imidacloprid 
was found inside the leaves due to its systemic activity. Imidacloprid was applied in such a 
way that the spraying liquid reached the soil to allow the substance to be taken up by the 
roots. Many studies have described the translocation of imidacloprid after foliar, soil or seed 
treatment. These studies show that approximately 5% of the applied dose can be taken up 
by the plant after soil treatment, but that the substance is quickly degraded in the plants 
(Sur & Stork, 2003). However, with a half-life time of 191 days in the soil, imidacloprid is 
persistent in the soil and continues to be available for systemic uptake long after the 
application. As a result, residues of imidacloprid can be found in the plants longer after its 
application, albeit in low concentrations. 
The results of this study indicated that greenhouse workers engaged in manual activities in 
treated pot plants may potentially be at risk when the re-entry takes place shortly after 
application. However, simple mitigation measures such as trousers or gloves may 
considerably lower the workers’ exposure. Residue decline studies may be useful to 
determine appropriate re-entry intervals. From this point of view, the present study can be 
considered as a worst-case as it was shown that the thick wax layer of the Clivia miniata 
plants acted as a sink for some of the substances. The interaction between the residues 
accumulated in the wax layer and the dislodgeable foliar residues is however not well 
understood and requires additional research.  
The results from this study demonstrate that the exposure levels of workers may be similar 
to those of operators. However, the re-entry activities are often much longer and may occur 
every day for extended periods of time whereas operator activities usually only take place 
occasionally. Moreover, workers are not protected by protective equipment like operators 
and may even be working in t-shirts and shorts during the warm summer months (Brouwer 
et al., 1992b).  
The current study only included dermal exposure as this route of exposure is generally 
considered to be the most important one for workers. As many ornamental crops are grown 
in greenhouses, where vapour concentrations tend to be higher compared to outdoor 
conditions, future research may include inhalation exposure. Furthermore, it would be 
interesting to extent this type of research to other crops and activities to extent our current 






The results from this study have shown that re-entry activities into treated pot plants 
potentially pose a risk for the re-entry workers when the re-entry takes place shortly after 
application. Simple mitigation measures such as safe re-entry intervals, appropriate clothing 
or gloves may help to reduce the exposure to acceptable levels. This study also 
demonstrated that re-entry exposure due to contact with the foliar residues can still take 
place long after the application, although the resulting exposure levels are likely to be very 
low.  
This study illustrates that worker exposure rates can be similar to those of operators. 
However, it should be taken into account that workers are often exposed for extended 
periods of time and usually don’t take any protective measures. 
The physicochemical properties of a substance are an important factor for the fate of the 
substance after its application. In this study, it was demonstrated that deltamethrin, 
characterized by a high octanol-water partition coefficient, is most likely not susceptible to 
wash-off by overhead irrigation. Due to its lipophilic nature, deltamethrin also showed a 
tendency to accumulate in the wax layer of the leaves. The implications of such an 












CONCEPTUAL MODEL FOR WORKER EXPOSURE 
 
 
This chapter describes the conceptual model for worker exposure to plant protection 
products (PPPs) that was used as a starting point for further model development. Before 
building this conceptual model, an overview of existing worker exposure models was made. 
The purpose of this overview was to identify useful approaches as well as gaps in the current 
models used to assess worker exposure. In addition, a literature search was performed 
aimed at identifying the most important exposure mechanisms and determinants. Next, 
worker exposure scenarios were defined, identified and prioritised. The information 
gathered from the model overview and the literature search was compiled to develop a 
comprehensive conceptual model for worker exposure. 
 
1 OVERVIEW OF EXISTING WORKER EXPOSURE MODELS 
In the past, worker exposure models have been developed to estimate worker exposure to 
PPPs without the need of performing exposure studies like the one described in the previous 
chapter. Before developing an improved modelling framework for worker exposure, the 
state-of-the-art of worker exposure modelling was charted by means of an overview of the 
existing worker exposure models. This overview was aimed at identifying useful approaches 
as well as modelling gaps in the currently available models (Table 3-1). 
 
Table 3-1 Currently available models concerning exposure to plant protection products. 
Model Year (latest version) Territory 
BBA 2000 Germany 
EUROPOEM 2002 Europe 
U.S. EPA 2013 USA 
Dutch Greenhouse ‘90s Netherlands 
SeedTropex 2003 (French version) 




The EFSA report on current approaches for pesticide exposure assessment was used as a 
starting point for this review (EFSA, 2008a). This report identified the following models for 




and the U.S. EPA model. As these models were only briefly described in the EFSA report, this 
review discusses these models into more detail. In addition, the Dutch Greenhouse model 
was added to the overview. It should be noted that only models concerning exposure to 
PPPs were considered in this overview (Table 3-1). Models dealing with exposure to other 
chemicals were not included (e.g. biocides in the ConsExpo model). 
 
1.1 THE BBA MODEL 
In 1998 and 2000, the German authorities (Biologische Bundesanstalt für Land- und 
Forstwirtschaft or BBA) published two documents describing a step-by-step procedure for 
assessing worker exposure (Hoernicke et al., 1998; Krebs et al., 2000).  With this stepwise 
procedure worker exposure is assessed using generic data if the PPP can be classified as a 
potential risk for the human health based on the toxicological characteristics of the 
substance and the use conditions are considered relevant for re-entry exposure.   
The BBA proposed generic values for key parameters influencing dermal exposure of re-
entry workers. These parameters had previously been identified by other researchers active 
in re-entry exposure research (e.g. van Hemmen et al., 1992). These parameters were: 
- the dislodgeable foliar residue, which is a measure for the amount of residue present 
on the crop, 
- the transfer coefficient, which is a measure for the intensity of the contact with the 
foliage, 
- the duration of exposure. 
The use of personal protective equipment (PPE) can be taken into account by applying a 
factor (MF) which corrects for penetration through protective clothing and gloves. By 
combining these factors, dermal exposure for re-entry workers can be estimated with the 
following algorithm: 
 
DE = DFRn x TC x T (x MF) x AR EQUATION 1 
 
Where: DE Dermal exposure (µg/d) 
 DFRn Dislodgeable foliar residue (µg/cm² per kg a.s./ha) 
 TC Transfer coefficient (cm²/h) 
 T Duration of exposure or working hours per day (h/d) 
 MF Migration through protective clothing and gloves (%) 
 AR Application rate (kg a.s./ha) 
The BBA proposed to use a default value of 8 hours/day for the number of working hours 
and a default value of 5% for the penetration through personal protective equipment. An 




approximately 1 µg/cm² per kg of active substance applied per ha. This value can be seen as 
the maximum residue present on the crop after the spraying liquid has dried up. This default 
was obtained through a personal communication with Jörn Schrader from the German 
Agrochemical Association (1994) and was supported by an estimation of the DFR using the 
leaf area index (LAI). For the transfer coefficient, a default value of 30000 cm²/h was 
proposed for tasks which require intensive foliar contact such as harvesting. A transfer factor 
of up to 5000 cm²/h was considered to be more appropriate for activities which require a 
less intensive contact with the foliage. 
For all these default values, no information was given about which data were used to obtain 
these values, how the values were calculated from these data and how conservative these 
values are. 
 
1.2 EUROPOEM II MODEL FOR RE-ENTRY EXPOSURE 
The EUROPOEM Steering Committee was established in early 1991 when it had become 
clear that a harmonized European predictive operator exposure model was needed. The 
Steering Committee comprised European professional scientists with experience in operator 
exposure. The main goal of the project was to develop a harmonized approach for the study 
and prediction of operator exposure. With EUROPOEM II (1997-2000), the project was 
extended to include re-entry and bystander exposure (EUROPOEM II, 2002). 
The EUROPOEM II working group considered dermal exposure as the most important 
exposure route during re-entry activities. The amount of dermal exposure was assumed to 
depend on the amount of residue on the foliage, the intensity of the contact with the foliage 
and the duration of the contact. Generalised algorithms for estimating inhalation exposure 
and dermal exposure to soil residues were also provided. 
 
1.2.1 DERMAL EXPOSURE 
The EUROPOEM II working group used an algorithm similar to the one proposed by the BBA 
to estimate dermal re-entry exposure: 
 
DE = DFR x TC x T EQUATION 2 
 
Where: DE Dermal exposure (µg/d) 
 DFR Dislodgeable foliar residue (µg/cm²) 
 TC Transfer coefficient (cm²/h) 
 T Duration of exposure or time of contact (h/d) 
For each of these parameters, EUROPOEM provided default values based on literature data 




TC were obtained. 
DISLODGEABLE FOLIAR RESIDUE 
In case there are no measured DFR values available, the EUROPOEM consortium suggested 
to estimate the initial DFR (i.e. the DFR just after application or DFR0) by dividing the applied 





 x CF  EQUATION 3 
 
Where: DFR0 Initial DFR or DFR just after application (µg/cm²) 
 AR Application rate (kg a.s./ha) 
 LAI Leaf area index (-) 
 CF Correction factor to convert kg/ha to µg/cm² 
This approach is considered to be conservative as it assumes that all the spraying liquid is 
intercepted by the crop, that no dissipation takes place and that everything is dislodgeable.  
For the purpose of estimating the DFR0, a database with LAI data was established. This 
database contained published data (12 references) as well as unpublished data (4 reviews) 
on LAI measurements. The database was of course not complete as data for some crops and 
growth stages were not available. The following considerations should be taken into account 
when using this approach to estimate the DFR (van Hemmen et al., 2002): 
- In early growth stages where the leaf canopy does not cover the ground completely 
or in high crops where the leaf canopy is not yet closed, a part of the applied amount 
will not reach the plant surface but will be lost by drift or soil deposition. For the 
DFR0 calculation a default LAI of 1 can be assumed. 
- With progressing plant growth the LAI increases and this should be reflected in the 
DFR0 calculation. A default value up to about 2 can be used. 
- When both sides of the leaves are treated, the theoretical LAI can be multiplied by 2. 
Alternatively, a conservative default value based on actual DFR measurements can be used. 
To this purpose, the EUROPOEM expert group constructed the EUROPOEM database which 
contained 153 unique DFR data points extracted from a total of 55 publications (van 
Hemmen et al., 2002). The studies covered a wide range of crop types (28) and active 
substances (46, including metabolites). The DFR data all reflected the deposit just after 
application (DFR0) and were standardised for the application rate to even out the effect of 
the application rate on the DFR. From these data, the 90th percentile value, i.e. 3 µg/cm² per 







Figure 3-1 Cumulative DFR0 data, standardised for the application rate (adapted from Van Hemmen 
et al., 2002). 
 
TRANSFER COEFFICIENTS 
The EUROPOEM database was screened for studies that contained both dermal exposure 
and DFR data. From these data, corresponding transfer coefficients were calculated using 





 EQUATION 4 
 
Where: TC Transfer coefficient (cm²/h) 
 DE Dermal exposure (µg/h) 
 DFR Dislodgeable foliar residue (µg/cm²) 
The resulting TC database contained 213 records extracted from 10 studies. The data were 
divided in four major scenarios, all reflecting mainly harvesting: 
- fruit trees (5 studies), 
- strawberries (1 study), 
- ornamentals (3 studies), 
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From these databases, generic transfer coefficients were determined for each scenario. A 
small database was considered to be less representative than a larger database. Therefore, 
rounded values of the 90th percentiles were used for the smallest databases and rounded 
values for the 75th percentiles for the largest databases. Values based on potential dermal 
exposure of the body were corrected to represent actual exposure under clothing by 
assuming a tenfold reduction of the exposure. The resulting indicative TC values are 
presented in Table 3-2 and can be used to estimate the dermal exposure for the four 
scenarios. The resulting exposure estimates reflect exposure during harvesting with bare 
hands. 
 
Table 3-2 EUROPOEM transfer coefficients for harvesting with bare hands, in cm²/h (van Hemmen et 
al., 2002). 
Scenario 
Potential exposure Actual exposure 
Hands Body Total Hands Body Total 
Harvesting vegetables 2200A 3600A 5800 2200 360 2500 
Harvesting ornamentals 4000A 10000B 14000 4000 1000 5000 
Harvesting strawberries no available data 2500C 1170C 30001 
Harvesting fruit trees 2500A 20000B 22500 2500 2000 4500 
A = 75
th
 percentile; B = 90
th
 percentile; C = arithmetic mean.  
1
The transfer coefficient for total exposure was adjusted downwards because the TC value of 3670 cm²/h 
seemed high in comparison with comparable data. 
 
 
1.2.2 INHALATION EXPOSURE 
The algorithm for estimating inhalation exposure during re-entry activities is based on the 
assumption that there is a linear relationship between the application rate and inhalation 
exposure. A factor, referred to as the task specific factor, is used to describe this 
relationship: 
 
IE = AR x TSF EQUATION 5 
  
Where: IE Inhalation exposure (mg a.s./h) 
 AR Application rate (kg a.s./ha) 





Task specific factors were determined as the 90th percentile of the data from a small dataset 
populated with exposure data from a series of studies on greenhouse ornamentals (van 
Hemmen et al., 2002). The following indicative values were determined: 
- 0.1 for cutting of ornamentals, 
- 0.01 for sorting and bundling of ornamentals, 
- 0.03 for re-entry after low volume misting (8 hours after application), 
- 0.15 for re-entry after roof fogging (16 hours after application). 
Although the EUROPOEM re-entry report gives a reference for some of the studies used to 
calculate the TSFs (e.g. Brouwer et al., 1992a), a detailed description of the methodology 
used to derive the TSFs, including any assumptions made, is lacking. It is therefore not 
possible to verify the proposed TSFs. 
This approach uses empirical data to determine task specific factors that describe the 
relationship between the application rate and the inhalation exposure. However, the 
algorithm is of limited use as there are few data to quantify this relationship. 
 
1.2.3 DERMAL EXPOSURE TO SOIL RESIDUES 
Dermal exposure to residues of PPPs in soil is estimated in the EUROPOEM II model by 
assuming that soil will adhere to the skin during re-entry activities and that a fraction of the 
PPPs present in the soil will transfer from the soil to the skin. This process is described with 
the following algorithm (van Hemmen et al., 2002): 
 
DEsoil = concsoil x DAsoil x skin area x transfersoil→skin EQUATION 6 
 
Where: DEsoil Dermal exposure to soil residues (mg) 
 concsoil Concentration of active substance in the soil (mg a.s./m³ soil) 
 DAsoil Adherence of the soil to the skin (m³ soil/cm²) 
 skin area Area of skin in contact with the contaminated soil (cm²) 
 transfersoilskin Transfer of the active substance from the soil to the skin (%) 
 
According to Directive 95/36/EC (Point 9.1.3. Estimation of expected concentrations in soil), 
calculations to determine the soil concentration should assume: 
- a soil density of 1.5 g/cm³ dry weight, 
- a soil layer depth of 5 cm for applications at the soil surface and 20 cm when 
incorporation is used, 
- a minimum of 50% to reach the soil surface where ground cover is present at the 
time of application (unless actual data are available). 




algorithm is limited as there is little information on the dermal adherence of the soil to the 
skin and on the transfer of the active substance from the soil to the skin.  
 
1.3 U.S. EPA APPROACH 
In 1995, the Agricultural Re-entry Task Force (ARTF) was formed to produce and gather 
adequate data on post-application exposure after a data call from the U.S. Environmental 
Protection Agency (U.S. EPA). The task force consists out of representatives of the crop 
protection industry, North American regulators and independent laboratories. The main task 
of the ARTF was to gather existing exposure studies and conduct new monitoring studies to 
develop a database with generic transfer coefficients for hand-labour activities in a variety of 
crops across agriculture. In the meantime, the ARTF also developed a method of clustering 
crop-activity scenarios. 
 
The transfer coefficient database enables the U.S. EPA to perform post-application exposure 
assessments for a wide range of re-entry scenarios as the transfer coefficients allow the 
exposure to a certain active substance to be calculated using estimates of the duration of 
exposure and the residue present on the crop (U.S. EPA, 2013). The equation applied by the 
U.S. EPA to estimate worker re-entry exposure is hence of the same format as the ones used 
by the BBA and EUROPOEM: 
 
DE = residue  x TC x T EQUATION 7 
 
Where: DE Dermal exposure (µg/d) 
 residue Dislodgeable foliar residue (DFR) for most crops, 
dislodgeable boll residue (DBR) for cotton,  
transferable turf residue (TTR) for turf (µg/cm²) 
 TC Transfer coefficient (cm²/h) 
 T Duration of exposure (h/d) 
 
The first step in the development of the database was the prioritisation of the possible re-
entry activities based on two surveys (Bruce & Korpalski, 2008). The first survey – the ARTF 
expert survey – was aimed at gathering information from experts such as agronomists and 
farm managers. Experts were considered to be people with specialized knowledge on re-
entry activities and how these are performed. A second survey – the ARTF grower survey – 
was set up to question growers throughout the USA and Canada. Both groups were asked 
questions about the type of re-entry activities, the degree of contact with the foliage, the 
duration of the exposure, etc. The two surveys provided data on 96 crops with information 
on crop, region, activity, crop height, degree of crop foliage. The ARTF eliminated region as a 





1.3.1 CLUSTERING OF RE-ENTRY ACTIVITIES 
A method of clustering the identified C/A/H/F combinations was developed. First, the no-
contact activities were identified. These activities do not entail any foliar contact so no 
transfer coefficients need to be assigned to them. Examples of such activities are fertilizing, 
frost control and mechanical pruning. The remaining C/A/H/F combinations were assigned to 
a cluster according to agronomic group, leaf surface texture and activity pattern (Bruce & 
Korpalski, 2008). Additionally, some special clusters were identified.  
 
AGRONOMIC GROUPS 
Agronomic groups reflect consistent differences in exposure patterns and existing regulatory 
policy. The following groups were identified: 
- field crops 
- orchard crops, 
- trellis crops. 
 
LEAF SURFACE TEXTURE 
Next, the field crops were further divided into subgroups according to the leaf surface 
texture. The rationale behind this was that the DFR0 may vary significantly by leaf type as 
demonstrated by an ARTF research study on dislodgeable foliar residues. The leaf surface 
texture may not only influence the amount of DFR but also the transfer of the DFR to the 
worker. The leaf surface texture subgroups hence reflect consistent differences in transfer 
coefficients through DFR and transfer differences: 
- smooth leaves, 
- hairy leaves, 
- waxy leaves. 
 
ACTIVITY PATTERNS 
The activity groups reflect consistent differences in exposure distributions within agronomic 
groups. Examples of activities are harvesting, pruning and scouting. 
 
SPECIAL CLUSTERS 
Some scenarios were assigned to separate clusters due to distinct differences in residue 
transfer, residue measurement or unique environment. These clusters were: 
- cotton harvest activities with TC based on dislodgeable boll residue (DBR), 
- sod and turf activities with TC based on transferrable turf residue (TTR) 
measurements, 




- greenhouse and nursery with indoor environment, unique activities and variety of 
foliage types. 
The ARTF survey data helped identifying the scenarios with the highest priority for 
conducting an exposure study. In total, the task force conducted 30 studies and purchased 
19 existing studies from member companies (Bruce & Korpalski, 2008). Outer and inner 
dosimeters, consisting out of long pants and long-sleeved shirts over whole-body long 
underwear, were used to measure dermal body exposure. Hand exposure and face/neck 
exposure were monitored with respectively hand rinses and face/neck wipes. From these 
studies, over 700 transfer coefficients were calculated based on the exposure measured with 
the inner dosimeters, the hands rinses and the face/neck wipes (i.e. actual exposure). 
Unfortunately, the study reports with detailed study information and the underlying raw 
data are not publicly accessible. By using the clustering method described above, the studies 
and the corresponding transfer coefficients have been grouped into 31 clusters. For each 
cluster, a generic transfer coefficient was calculated as the arithmetic mean of all TCs within 
the cluster. An overview of the resulting clusters and generic transfer coefficients can be 
found in Table 3-3. It is important to remark that the clusters and transfer coefficients in this 
table are not fixed. The transfer coefficient database is regularly updated when new studies 
become available and the clustering method is also continuously revised to reflect the state-




Table 3-3 U.S. EPA transfer coefficients (in cm²/h) (U.S. EPA, 2013). 
Data Cluster Code Description cluster Transfer coefficient (cm2/h)C  
Sx (EPA) Smooth-leaf field crops: intense contact activities 8800 
SSs Smooth-leaf field crops: scouting in solid stand conditions 1100 
SSr Smooth-leaf field crops: scouting in row conditions 210 
SH Smooth-leaf field crops: hand harvesting and tying 1100 
SW Smooth-leaf field crops: hand weeding, thinning, and similar contact activities 70 
HHt Hairy-leaf (tobacco): hand harvesting and canopy management 800 
HH Hairy-leaf field crops: hand harvesting and similar contact activities 550 
HS Hairy-leaf field crops: scouting and similar contact activities 90 
Wm Waxy-leaf field crops, medium height: all activities, plus full foliage weeding 4200 
WlH Waxy-leaf field crops, low height: hand harvesting and similar activities 1400 
WlS Waxy-leaf field crops, low height: scouting and similar contact activities 330 
Tx Trellis crops: intense contact activities 19300 
THb Trellis crops: hand harvesting caneberries and similar contact activities 1400 
TP Trellis crops: hand pruning, scouting, and similar contact activities 640 
OHn Orchard crops: mechanically harvesting nuts 190 




Data Cluster Code Description cluster Transfer coefficient (cm2/h)C  
OW Ochard crops: hand weeding and similar contact activities 100 
DM Golf courses: maintenance activities 3700 
DMg (EPA) Golf courses: maintenance activities 2500 
DH Sod: mechanical harvesting, scouting, transplanting, and hand weeding 6700 
GHf Greenhouse and nursery floriculture hand harvesting: all flowers and methods 4800 
GHv Greenhouse vegetables: hand harvesting and similar contact activities 1200 
GN Greenhouse and nursery crops: all activities 230 
I Irrigation, any crop where hand line is possible 1900 
CHp Cotton, mechanical harvesting: picker operator and raker (based on boll residues) 2400 
CHm Cotton, mechanical harvesting: module builder operator (based on boll residues) 900 
CHt Cotton, mechanical harvesting: tramper (based on boll residues) 5050 
OH (EPA) Orchard crops: hand harvesting and similar contact activities 1400 
OT (EPA) Orchard crops: thinning 3600 
THjg (EPA) Trellis crops: hand harvesting juice/wine grapes and similar contact activities 10100 
THtg (EPA) Trellis crops: hand harvesting table/raisin grapes and similar contact activities 5500 





In contrast to the EUROPOEM II model, which is a generic model, SeedTropex is a specific 
model. It is used for the evaluation of operator and worker exposure in industrial seed 
treatment plants (cereals and maize). The model is only suitable for liquid preparations. The 
calculated exposure values are used for comparison with the AOEL (Acceptable Operator 
Exposure Level).  
There are two versions of the SeedTropex model: SeedTropex France and SeedTropex UK. 
Both models are based on a database with experimental data from studies carried out in 
1993 in France and the UK. Later, additional data generated by the British authorities were 
added to the UK version. Generic exposure values were derived from these datasets to 
calculate exposure to seed treatment products. The French model is based on 70th and 90th 
percentiles, whereas the UK model mainly uses geometric mean values. In this review of the 
SeedTropex model only the tasks concerning the re-entry worker will be discussed: bagging 
of treated seed (FR, UK), cleaning of the treatment facilities (FR, UK) and sowing of treated 
seed (UK only). 
 
EXPOSURE DATA 
Two studies (UK and France) were carried out to monitor operator and worker exposure 
during several activities involving seed treatment.  In total, six different treatment plants 
were used for the studies: 
- in the UK: three static treatment plants and one mobile treatment plant, 
- in France: two static treatment plants. 
In the UK study, triadimenol and fuberidazole were used as test substances. In the French 
study, a product containing anthraquinone and copper oxyquinoate was used. The 
substances were chosen because they are widely used in the UK and France, respectively. 
The products used were FS type, i.e. a concentrated suspension for seed treatment. Dermal 
and inhalation exposure were evaluated using whole body dosimetry and personal pumps 
with filter samples (Chester et al., 1996).  
In 1999, the UK regulatory authority (Health and Safety Executive, HSE) carried out a study 
on worker exposure during bagging of treated seed. The HSE data on potential inhalation 
exposure were added to the SeedTropex database, but were only used in the UK version of 
SeedTropex as the HSE is a British authority. Although dermal exposure data were also 




CALCULATION OF PREDICTED EXPOSURE 
The collected measurement data were standardized according to the type of task. Data for 
bagging and sowing of treated seed were standardized in mg of substance per hour (Table 
3-4). Data for cleaning of the treatment equipment were standardized in mg of substance 
per operation (SeedTropex FR) or in mL of formulation per operation (SeedTropex UK). 
Depending on how the exposure data (and corresponding generic exposure values) were 
standardized, different algorithms were used to predict the dermal and inhalation exposure. 
 
Table 3-4 Exposure data and generic exposure values used in the SeedTropex models (Chester et al., 
1996). 









number of measurements 7  7 
generic value UK version mL/operation mL/operation 
  geometric mean geometric mean 
 French  version mg/operation mg/operation 






number of measurements 18 (UK: 12, France: 6) 13 (UK: 10, France: 3) + 
   23 (HSE data, used in UK version) 
generic value UK version mg/h mg/h 
  geometric mean median (typical) 
95th percentile (worst-case) 
 French  version mg/h mg/h 




g number of measurements 19 (UK: 13, France: 6) 19 
generic value UK version mg/h mg/h 





PE = GEV x OP x 
conc a.s.
DF 
 EQUATION 8 
 
Where: PE Predicted exposure (mg/d) 
 GEV Generic exposure value (mL/operation) 
 OP Number of operations per day (operations/d) 
 conc a.s. Concentration of the active substance (mg/mL) 




Bagging and sowing 
 
PE = GEV x T  EQUATION 9 
  
Where: PE Predicted exposure (mg/d) 
 GEV Generic exposure value (mg/h) 
 T Duration of exposure (h/d) 
 
Seedtropex FR 
In the French SeedTropex, the predicted exposures are corrected for the quantity of active 
substance per ton of seed in cases where the application rate exceeds the maximum rate 
used in the model studies, i.e. 500 g/ton seed. 
 
 CF = 
 ARseed
500 g ton⁄ seed 
 EQUATION 10 
 
Where: CF Correction factor (-) 




PE = GEV x T  x CF EQUATION 11 
   
Where: PE Predicted exposure (mg/d) 
 GEV Generic exposure value (mg/h) 
 T Duration of exposure (h/d) 




PE = GEV x OP x CF EQUATION 12 
 
Where: PE Predicted exposure (mg/d) 
 GEV Generic exposure value (mg/operation) 
 OP Number of operations per day (operations/d) 




1.3.3 RE-ENTRY MODEL FOR SORTING AND BUNDLING OF FLOWERS 
The re-entry model for sorting and bundling of flowers is also known as the Dutch 
Greenhouse model and is based on a series of studies performed in the Netherlands and 
published between 1990 and 1993 (Brouwer et al., 1992c; Brouwer et al., 1992d; Brouwer et 
al., 1993; Tijssen, 1990). The data from these studies were considered representative and 
appropriate for exposure assessments of similar cases.  
In these studies, inhalation exposure and dermal exposure of hands and forearms were 
determined during cutting, sorting and bundling of roses and carnations on the first day of 
harvesting after PPP application. The re-entry interval varied from 0 to 3 days. The flowers 
were harvested by cutting them with a knife or a pair of scissors from the plants.  
The model assumes a linear relationship between the quantity applied and the exposure per 
hour and uses Dose Related Transfer Coefficients (DRTC) to describe this relationship (Snippe 
et al., 2002). The algorithm can be used to estimate dermal and inhalation exposure (non-
volatile fraction). The deduced relationship is as follows: 
 
PE = AR x DRTC x T EQUATION 13 
 
Where: PE Predicted exposure (mg a.s./d) 
 AR Application rate (kg a.s./ha) 
 DRTC Dose related transfer coefficient (mg a.s./h per kg a.s./ha) 
 T Duration of exposure (h/d) 
Dose Related Transfer Coefficients were calculated from the exposure data by dividing the 
exposure levels (mg/h) by the application rates (kg/ha). Indicative 90th percentiles were 
deduced from these converted data and used as surrogate exposure values for the 
assessment model. These values have been presented in Table 3-5 according to task and 
exposure route. 
 
Table 3-5 Dose Related Transfer Coefficients (in mg a.s./h per kg a.s./ha) used in the Dutch 
Greenhouse model for re-entry exposure (Snippe et al., 2002). 
Cutting Sorting/bundling 
Inhalation Dermal Inhalation Dermal 






1.3.4 DISCUSSION AND CONCLUSIONS 
To summarize, there are currently two approaches to modelling worker re-entry exposure. 
With the first approach, a certain percentile is derived from exposure data generated by 
experimental studies and is used as a generic exposure value for estimating exposure. The 
second approach relies on simple algorithms and delivers default values for each parameter 
based on literature data and expert judgment. Table 3-6 gives an overview of the 
approaches used to estimate dermal and inhalation exposure in the currently available 
models. 
 
Table 3-6 Summary of the currently existing worker exposure models. 
 Dermal exposure Inhalation exposure 
BBA Generic algorithm with default values 
for 2 scenarios 
Not included 
EUROPOEM Generic algorithm with default values 
for 4 scenarios 
Generic exposure values for 4 
greenhouse scenarios 
U.S. EPA Generic algorithm with default values 
for 31 scenarios 
Not included 
SeedTropex Generic exposure values for 3 
scenarios 




Generic exposure values for 2 
scenarios 
Generic exposure values for 2 
scenarios 
 
This overview of currently existing models helped identifying both the interesting 
approaches as well as the gaps in the current worker exposure modelling. The objective of 
the BROWSE model was to use the currently existing approaches to develop an improved 
worker exposure model while addressing the modelling gaps identified in this overview. In 
the following paragraphs, the approaches and gaps in the current modelling approaches are 
briefly discussed and suggestions for possible model improvements are made. 
 
DERMAL EXPOSURE 
The existing algorithm for estimating dermal exposure was considered to be an interesting 
element as it describes the processes leading to dermal exposure rather than using empirical 
exposure data. With this algorithm, dermal exposure is estimated based on the amount of 
residue present on the crop (DFR), the intensity of the contact with the crop (TC) and the 
duration of the contact with the crop (T). 




entry scenarios. Extending the range of scenarios was considered to be desirable because 
extrapolation of these transfer coefficients to other scenarios may not be appropriate as it 
may result in an over- or underestimation of the exposure. An up-to-date analysis of the 
available transfer coefficient data, including the U.S. EPA database, was needed to extend 
the range of currently available exposure scenarios.  
The default DFR given by EUROPOEM is considered to be very conservative as it is used to 
predict exposure for the worst case scenario, i.e. re-entry just after application. In reality, 
dissipation of the residue on the crop may take place if some time passes between 
application and re-entry. Extending the DFR approach by taking account of the residue 
decline was considered to be an improvement as it allows for more refined exposure 
assessments. 
Although the current approach for assessing dermal exposure is useful, it fails to take 
account of other factors that influence the exposure of workers (e.g. the use of personal 
protective equipment) and of regional and gender issues related to worker exposure. The 
improved BROWSE model was thus aimed at refining the existing approaches, identifying 
and including other exposure determinants and addressing regional and gender issues. 
 
INHALATION EXPOSURE 
Although dermal exposure is generally considered to be the most important exposure route 
for re-entry workers, inhalation exposure can also be a significant source of worker 
exposure, especially in closed environments such as greenhouses. There is currently 
however no harmonized approach for estimating inhalation exposure. The current 
approaches are all data-driven and are limited in use by the availability of representative 
data. Moreover, these approaches are very specific and can only be used for the scenario in 
question (e.g. cutting of ornamentals in the Dutch greenhouse model). The development of 
a mechanistic model describing inhalation exposure was considered to be a major 
improvement of the current worker exposure assessments. 
 
OTHER EXPOSURE ROUTES 
In addition to improving the existing approaches for estimating dermal and inhalation 
exposure, the role of other exposure routes such as ingestion exposure needed to be 






2 DEFINITION AND PRIORITISATION OF WORKER EXPOSURE SCENARIOS 
Before developing a new conceptual model for worker exposure, it was necessary to define, 
identify, group and prioritise exposure scenarios for model development. 
The definition of “workers” was taken as a starting point for defining a worker exposure 
scenario. EFSA defines workers as ‘persons who, as part of their employment, enter an area 
that has previously been treated with a PPP or who handle a crop that has been treated with 
a PPP’ (EFSA, 2010c). This definition implies that workers are exposed to PPPs during 
activities taking place in the treated crop after the application. Hence, a re-entry exposure 
scenario was defined as a combination of a worker activity and a crop group (e.g. 
harvesting of orchard fruit).  
Next, a preliminary inventory of possible worker exposure scenarios was made based on the 
knowledge and experience of the BROWSE consortium members. The identified scenarios 
were subdivided according to the crop group and the timing of the activity relative to the 
harvest: pre-harvest, harvest and post-harvest activities (Table 3-7). Since a wide range of 
exposure scenarios was identified while the available data were limited and not all scenarios 
were of high concern for human exposure, a prioritisation of those which had to be 
addressed within the BROWSE project was absolutely necessary.  
As one of the objectives of the project was to include representatives of all relevant 
stakeholders and end-users, a stakeholder consultation workshop was organized to gather 
stakeholders’ opinions about the proposed crop grouping and to identify the scenarios that 
should be considered as a priority for worker exposure modelling.  
 
CHAPTER 3   
68 
 
Table 3-7 List of identified worker exposure scenarios, categorized according to the crop group and 
the timing of the activity. 
 crop group pre-harvest harvest post-harvest 
arable crops sowing mechanical harvesting packaging 
  inspection   inspection 
      processing 
orchard crops propping branches picking sorting 
  fruit thinning cutting packaging 
  pruning searching inspection 
  inspection   handling 
  training branches     
vines pruning picking packaging 
  inspection cutting inspection 
  thinning searching sorting 
  leaf removal   handling 
  vine training     
  shoot positioning     
  shoot thinning     
hops training shoots harvest packaging 
  removing shoots   inspection 
  defoliation    handling 
vegetables sowing cutting cleaning 
potting picking packaging 
planting searching sorting 
removing shoots   inspection 
thinning of fruits   handling 
inspection     
thinning     
disbudding flowers     
ornamentals potting cutting sorting 
pruning   bundling 
fixing to support poles   cleaning 
sowing   packaging 
watering   inspection 
grafting   potting 
    cutting 
    handling 
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2.1 STAKEHOLDER WORKSHOP 
Throughout the BROWSE project, three stakeholder consultations were organized to allow 
stakeholders and end-users to give their views and priorities regarding the objectives and 
expected outputs of the BROWSE project. The first stakeholder workshop was organized by 
Newcastle University, work package leader of WP4, in April 2011 in Brussels and included 
sessions aimed at eliciting stakeholders’ opinions on priorities for exposure modelling and at 
identifying factors influencing the extent of exposure, including factors related to gender 
and regional issues. 
 
2.1.1 METHODOLOGY 
A database of relevant stakeholders and end-users was set up, drawing on the extensive 
network of the BROWSE partners and scientific advisory board. In this way, a database with 
contact details and affiliations of over 900 stakeholders was developed. To achieve the 
highest level of representativeness possible, stakeholders were selected across the different 
EU member states and types of stakeholders (industry, regulators, non-governmental 
organisations (NGOs), trade unions, and interested academics), while trying to include a 
good mix of male and female stakeholders. From this database, a limited number of 
stakeholders were invited to the workshop by Newcastle University and other members of 
the BROWSE consortium. 140 participants were invited of which 28 attended the workshop. 
A summary of the participants based on affiliation and member state is provided in Table 
3-8. In addition to these participants, a group of 6 project partners actively participated in 
the workshop activities.  
The two-day stakeholder meeting consisted out of plenary sessions and break-out sessions. 
During the break-out sessions, the stakeholders were divided into 4 groups: industry (group 
1), regulators (group 2), other stakeholders (group 3) and BROWSE partners (group 4) (Table 
3-8). Each break-out group was assigned a moderator, who moderated the discussion, and a 
rapporteur, who took detailed notes of the discussion and provided a report of the meeting to 
the workshop organisers. The workshop was held under the Chatham House Rule: the 
participants were free to use the information received, but neither the identity nor the affiliation 
of the participants may be revealed. 
The first plenary session was aimed at explaining the objectives of the project in general and 
the workshop in specific. The plenary session was followed by a first break-out session which 
involved a discussion of the BROWSE objectives and the expectations of the stakeholders. 
Next, presentations on operator, worker, resident and bystander exposure and the 
associated exposure scenarios were given in a second plenary session.  During the second 
break-out session, the participants expressed their views on grouping and prioritising the 
exposure scenarios for each population. The second day started with a break-out session 
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focusing on identifying the most important factors influencing exposure. Next, a plenary 
session was assigned to discuss how BROWSE can contribute to the implementation of the 
Sustainable Use Directive (SUD). Using an electronic voting system, the participants were 
asked to record their opinion about training materials for operators and workers, 
communication materials for awareness raising and risk indicators. 
 
Table 3-8 Workshop participants according to type of affiliation and EU member state. 






























































During the break-out session on prioritising the exposure scenario, the participants were 
given a hand-out with questions aimed at triggering a discussion on the prioritisation of the 
scenarios. The hand-out focusing on worker exposure contained an indicative list of crop 
groups and tasks, drafted by the BROWSE partners. On this hand-out, the participants could 
make changes to the lists and indicate which crop groups and tasks they considered to be a 
priority and why. 
  
  
  CONCEPTUAL MODEL 
71 
 
2.1.2 KEY RESULTS 
The main goal of this session was to prioritise the exposure scenarios and to compare the 
priorities between the different stakeholder groups. In practice, the participants of the 
workshop found this task to be very difficult. Some participants were not familiar with the 
BROWSE project and its objectives or with exposure modelling in general. Some participants 
also had trouble understanding the hand-out material provided during the break-out 
session.  
The goal of the workshop was not to reach consensus between the stakeholder groups but 
to provide a platform to the participants to express their views. From the feedback received 
from the stakeholders (Table 3-9), it is clear that the different stakeholder groups expressed 
different views on the prioritisation of the exposure scenarios. The regulators were in favour 
of grouping the scenarios by activities, whereas industry seemed to prefer grouping by crop 
groups and suggested that grapes, orchard, soft fruit (other than grapes) and flowers were 
interesting for worker exposure. The group of “other” stakeholders agreed that flowers 
should be a high priority but this may have been influenced by the NGO interest (concerning 
the potential risks of the flower bulb industry for residents, bystanders and the 
environment). Industry and the “other” stakeholders disagreed about which types of 
scenarios should be addressed within the BROWSE project: industry considered greenhouse 
exposure scenarios to be more important, whereas the “other” stakeholder group gave a 
higher priority to outdoor scenarios. It was however not clear from the discussion whether 
these priorities were relevant for all subpopulation groups (B, R, O, W). Another point of 
disagreement was whether to include inhalation exposure due to volatilisation: industry 
made it clear that they didn’t consider volatilisation to be an issue, in contrast to the project 
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Table 3-9 Feedback received from stakeholders on the prioritisation of worker exposure scenarios. 
Issue   Industry  Regulators  Other stakeholders  Project partners  
Crops and crop 
grouping  
Make distinction between 
mechanical and manual 
harvesting 
Grapes are an excellent 
example to evaluate worker 
exposure. A lot of manual work 
is involved, and a lot of 
different activities. The crop is 
important, and taken into 
account in the SAFE USE 
initiative.  
Orchards  
-Trees with fruit thinning and 
picking activities  
-Soft fruits like berries seem to 
be important  
- Flowers- Constant exposure 
during the whole year  
Scenarios should be grouped  
by activities, not crops.  
Group crops by  
intensity and duration.  
Need to separate arable field 
crops from orchard crops and 
greenhouse crops but further 
details not specified/  
Flowers (lilies for example) 
particularly problematic  
 
 
Need to minimise the groups 
of crops on list as it is currently 
far too extensive.  
Nurseries should be included 
(ornamentals)  
Forests should be included for 
worker exposure  





  Transplanting (pre-harvest) 
Digging (harvest) 
Does trimming come under the 
task of processing?  
What about removing skin 
from bulbs?  
There may be oral exposure if 
workers eat produce during 
harvest?  
Harvesting onions is different 
to harvesting bulbs?  
Definitions of different worker 
activities needs to be 
developed.  
Weeding should be included  
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Issue   Industry  Regulators  Other stakeholders  Project partners  
Picking strawberries is 
different to picking 
raspberries?  
Indoor versus 
 outdoor crops  
Greenhouse exposure 
scenarios were considered 
more important than outdoor 
scenarios.  
None identified  Outdoor exposure scenarios 
were more important to 
consider than greenhouse 
scenarios  
None identified  
Volatilization Why is volatilization taken into 
account? The label tells what is 
safe and proposes if needed 
the use of protective 
equipment, so when one has 
the wear a mask it will be fine. 
Volatilization is not an issue. 
Risk assessors and regulators 
have to estimate inhalation 
exposure. It is 100 to 1000 
times less than dermal 
exposure. Inhalation exposure 
is put too much on the 
foreground.  
The factor of volatilization is 
taken up in annex 1 of the 
pesticide authorization. So the 
problem is covered  
 Include oral and eye exposure 
in addition to dermal and 
inhalation 
Inhalation exposure should be 
considered for both indoor and 
outdoor application 
CHAPTER 3   
74 
 
2.2 LIST OF PRIORITY SCENARIOS 
Using the feedback from the stakeholders and taking account of the anticipated frequency 
and extent of the exposure and the availability of data, the following scenarios were 
identified as priority scenarios for exposure modelling in work package 2:  
- Outdoor scenarios 
 Orchard fruit: harvesting (Figure 3-2) 
 Orchard fruit: pruning 
 Orchard fruit: thinning 
 Grapes: harvesting (Figure 3-3) 
 Grapes: pruning 
 Grapes: thinning  
 Soft fruit (other than grapes): harvesting 
 Sowing of treated seeds 
- Indoor scenarios 
 Ornamentals: harvesting (Figure 3-4) 




Figure 3-2 Harvesting of orchard fruit  
(Mulhbeier Organic Fujis). 
 
Figure 3-3 Harvesting of grapes  
(Stefano Lubiana Wines). 
 
Figure 3-4 Harvesting of ornamentals  
(ACT Alliance). 
 
Figure 3-5 Harvesting of fruiting vegetables  
(AgriHolland). 
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The scenarios indicated in bold were taken as a first set of priority scenarios. Even though 
the conceptual and mechanistic model were developed with these scenarios as a starting 
point, the resulting approaches and algorithms were also valid for the remaining scenarios, 
except for the scenario of sowing of treated seed. For this scenario, the mechanisms leading 
to worker exposure are substantially different because it does not involve contact with a 
treated crop. As the initial prioritisation was performed when data collection was still an 
ongoing process, the identified priorities were reassessed during the course of the project to 
reflect final data availability (see Chapter 5). As a result, the following scenarios were added 
to the worker exposure model in addition to the first set of priority scenarios: pruning and 
thinning of orchard fruit and harvesting of soft fruit (other than grapes). The following 
scenarios could not be included in the final model due to a lack of representative data: 
pruning and thinning of grapes and sowing of treated seeds.  
 
3 DEVELOPMENT OF A GENERIC CONCEPTUAL MODEL 
3.1 EXPOSURE DETERMINANTS  
After prioritisation of the exposure scenarios for modelling, the main modifying factors and 
processes influencing worker exposure to PPPs were identified. To this purpose, a database 
was set up to collect information about the main exposure determinants. Although some 
exposure determinants are expected to be relevant for only a single population (operators, 
workers, residents or bystanders), a large part of the mechanisms leading to exposure are 
similar for all populations. Therefore, the search for exposure determinants was conducted 
for all populations at the same time. 
The starting point of the exposure determinants database was the information gathered 
during earlier initiatives (e.g. Marquart et al., 2003). Additional information was collected 
from the literature identified during the course of the project and from a literature search 
focused on known exposure determinants. A summary of the most important exposure 
determinants identified during the literature search is presented in Table 3-10 and Table 
3-11. These lists are however not exhaustive as there may be factors that have not been 
identified in this search or in exposure research in general. Furthermore, the prevailing 
environmental conditions, such as temperature, humidity and wind speed, influence many 
of the exposure mechanisms listed in these tables. The wind speed, for example, may 
influence the amount of spray drift during application, whereas the wind direction may 
influence the direction of the spray drift. 
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Table 3-10 Exposure determinants for dermal exposure and oral exposure due to hand-to-mouth 
contact. 
Compartment Process or modifying factor Underlying determinants 
Initial deposit  
on crop 
Interception by crop Interception factor 
Growth stage 
Leaf area index 
Application rate 
Method of application 
Number of applications 
Initial deposit  
on soil 
Deposition on soil Interception factor 
Application rate 
Method of application 
Number of applications 
Deposit on crop  
at re-entry 
All processes Re-entry interval 
Volatilisation Substance properties (e.g. vapour 
pressure) 
Degradation Substance properties 
Canopy structure 
Uptake by plant Substance properties 
Dilution by growth (Increase in) leaf surface area 
Wash-off Water solubility 
Rainfall and irrigation 
Leaf texture (hairy, smooth, waxy) 
Deposition from air Particle size distribution 
Rainfall 
Deposit on soil  
at re-entry 
All processes Re-entry interval 
Volatilisation Substance properties 
Degradation Substance properties 
Uptake by plant Substance properties (e.g. octanol-
water partition coefficient) 
Adsorption to soil Soil type (e.g. organic matter content) 
Soil adsorption coefficient (KD) 
Formulation type 
Transport in/on soil Soil type (e.g. organic matter content) 
Substance properties 
Rainfall and irrigation 
Deposition from air Particle size distribution 
Rainfall 
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Table 3-10 Exposure determinants for dermal exposure and oral exposure due to hand-to-mouth 
contact. 
Compartment Process or modifying factor Underlying determinants 
Dislodgeable  
residue 
 Octanol-water partition coefficient  
Leaf texture 
Formulation 
Wetness of leaf surface  
Dermal exposure 
 
Contact with  
contaminated crop 
Duration of the contact 
Crop characteristics 
Type of task 
Work rate and technique 
Intensity of the contact 
Duration of exposure 
Personal behaviour, including use of 
personal protective equipment 
Intentional/accidental contact 
Training and experience 
Body parts in contact with crop 
Contact with  
contaminated soil 
Duration of the contact 
Type of task 
Body parts in contact with soil 
Adherence of soil to skin 
Transfer of substance from soil to skin 
Duration of exposure  
Personal behaviour, including use of 
personal protective equipment 
Training and experience 
 Penetration through 
clothing/personal protective 
equipment (PPE) 
Type of clothing/PPE 
Previous contamination of clothing/PPE 
 Deposition from air Particle concentration 
Particle size distribution 
Oral  
exposure 
Hand-to-mouth contact Personal behaviour 
Personal hygiene 
Hand area making contact 
Transfer efficiency handmouth 
Number of contact 
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Table 3-10 Exposure determinants for dermal exposure and oral exposure due to hand-to-mouth 
contact. 
Compartment Process or modifying factor Underlying determinants 
Absorbed dose Dermal absorption Body weight worker  
Substance absorption rate 
Ingestion Body weight worker  
  Substance absorption rate 
 
Table 3-11 Exposure determinants for inhalation exposure and oral exposure due to ingestion of 
particles. 






Spray characteristics, including droplet 
size 
Application method, including nozzle 
type 
Concentration in 
air at re-entry 
All processes Re-entry interval 
(Photo)degradation Half-life time in air 
Amount of sunlight 
Transport outside re-entry 
area 
Ventilation rate (if indoor) 
Resuspension of dust Personal behaviour  
Volatilisation from soil/crop Substance properties 
Inhalation 
exposure 
Intake by inhalation 
 
Breathing rate 
Type of activity 
Duration of exposure 




Level of protection 
Oral exposure 
 




Level of protection 
Absorbed dose Inhalation absorption Body weight worker  
 Substance absorption rate 
Ingestion Body weight worker  
 Substance absorption rate 
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3.2 CONCEPTUAL MODEL 
With the collected information on exposure determinants, a generic conceptual model for 
worker exposure was developed, initially as a flow diagram (Figure 3-6 and Figure 3-7). This 
conceptual model was used to develop appropriate algorithms to describe the mechanisms 
behind worker exposure based on the key influencing parameters. 
The starting point of the conceptual model is the application of the PPP as it is the 
application that results in a contamination of the crop, the soil and the air. Contact with the 
contaminated crop and soil can lead to dermal exposure when the applied substance is 
transferred to the worker during worker activities. Contamination of the hands can in its 
turn result in oral exposure when residue is transferred from the hands to the mount during 
hand-to-mouth contact. Inhalation exposure can take place when contaminated air is 
inhaled into the lungs. In addition to hand-to-mouth contact, oral exposure can also occur 
when large airborne particles are deposited in the mouth cavity and subsequently ingested.  
 
3.2.1 DERMAL EXPOSURE  
The conceptual model for dermal exposure is illustrated in Figure 3-6 and describes how the 
application of a PPP can eventually result in dermal exposure. The application of a PPP will 
result in an initial deposit on the crop because the spraying liquid is partially intercepted by 
the crop. A fraction of the deposit will not reach the target (i.e. the crop), but will be lost due 
to drift or will be deposited on the soil. Re-entry workers can come into contact with the 
deposit on the crop during re-entry activities such as harvesting. Re-entry however usually 
doesn’t take place immediately after application but sometime after the application. The 
time period between application and re-entry is known as the re-entry interval. During this 
interval, processes such as degradation and volatilisation may take place, resulting in a 
reduction of the initial deposit on the crop while dry (dust) or wet (rain) deposition may 
contribute to the deposit on the crop. When the worker re-enters the crop and makes 
contact with the crop, a fraction of the remaining residue is dislodged and transferred from 
the crop to the worker, resulting in dermal exposure. The extent of the exposure is mainly 
influenced by the intensity of the contact with the crop, the amount of dislodgeable residue 
on the crop and the duration of the contact. 
A certain amount of spray liquid will not reach the crop but will be deposited on the soil. 
Similar to the deposit on the crop, the amount of (available) residue on the soil will decrease 
during the re-entry interval due to processes such as degradation or sorption to the soil. 
Wash-off from the crop and deposition from the air may on the other hand contribute to the 
deposit on the soil. During activities that involve contact with the soil (e.g. weeding), dermal 
exposure can take place when small amounts of soil adhere to the skin and the substance is 
transferred from the soil to the worker.  
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When making contact with the crop or soil, the skin of the worker can either be bare or 
covered by clothing and/or personal protective equipment (PPE). Clothing and PPE provide 
the worker a certain level of protection, because only a fraction of the transferred PPP 
migrates through the clothing and PPE and reaches the skin. Only a fraction of the substance 
that reaches the skin will penetrate the skin and be absorbed into the internal system of the 
worker. 
 
3.2.2 INHALATION EXPOSURE 
The conceptual model for inhalation exposure is presented in Figure 3-7 and describes how 
the application of a PPP can eventually result in inhalation exposure. The application of a 
PPP will not only result in a contamination of the crop and the soil, but also in a 
contamination of the air compartment. The initial concentration of the substance in the air is 
mainly determined by the vapour, droplet and/or dust drift resulting from the application 
itself. During the re-entry interval, the concentration in the air will decrease due to 
processes such as degradation and dispersion. Volatilisation from the crop and soil and re-
suspension of dust may on the contrary contribute to the concentration in the air. Inhalation 
exposure is the result of inhaling the contaminated air during re-entry activities and is mainly 
determined by the concentration of the substance in the air, the breathing rate and the 
duration of exposure. Once the substance enters the lungs, it can be taken up in the internal 
system of the worker via the bloodstream. 
 
3.2.3 ORAL EXPOSURE 
Oral exposure can take place in two ways: due to hand-to-mouth contact (Figure 3-6) and 
due to ingestion of particles (Figure 3-7). The former occurs when the hands are 
contaminated with the substance and the substance is transferred from the hands to the 
mouth during gestures such as wiping of the mouth. The substance can subsequently be 
ingested and taken up in the body of the worker. The extent of the exposure is influenced by 
the frequency of the hand-to-mouth contact, the level of dermal hand exposure and the 
transfer efficiency from the skin to the mouth. The latter occurs when the air is loaded with 
particles containing PPPs. When inhaling the contaminated air, some of these particles can 
be deposited in the mouth cavity and subsequently ingested. The particle size distribution of 
the dust in the air, the PPP loading of the particles, the breathing rate and the duration of 
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3.3 FROM CONCEPTUAL MODEL TO MECHANISTIC MODEL 
The conceptual models described in the previous section cover most of the underlying 
processes resulting in worker exposure and are applicable to a wide range of worker 
scenarios. However, dermal exposure to contaminated soil was not considered to be a 
relevant exposure route for the identified priority exposure scenarios since none of these 
scenarios involve a substantial contact with the soil. Therefore, this exposure route was not 
considered in the further development of the exposure model. In addition, inhalation 
exposure to droplets and dusts was not included in the model as data describing these 
processes are very scarce. As a result, the final conceptual model that was used as a starting 
point for development of the mechanistic model was simplified and only includes dermal 
exposure due to contact with the crop, inhalation exposure to vapours and oral exposure 
due to hand-to-mouth contact. This simplified hierarchical model is shown in Figure 3-8. 
 
 
Figure 3-8 Simplified hierarchical conceptual model. 
 
Starting from the conceptual model illustrated in Figure 3-8, a mechanistic model and 
associated model software has been developed. In short, the BROWSE model consists out of 
4 different modules: one module for the PEARL(-OPS) model and three modules for 
calculating dermal, inhalation and oral exposure. Figure 3-9 gives an overview of the 
different modules behind the BROWSE software and how these are linked together to 
calculate the worker exposure.  
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A first module is the PEARL(-OPS) model. BROWSE-PEARL is a modification of the earlier 
developed PEARL model (Pesticide Emission Assessment at Regional and Local scale) which 
simulates the behaviour of plant protection products on the crop canopy and estimates their 
emission into the environment (Leistra et al., 2001). In case of outdoor assessments, the 
amount of volatilisation is used as input (source strength) for the OPS model (Operational 
Priority Substances model). This model calculates the concentration of the PPP in the air 
using Gaussian dispersion plume modelling (van Jaarsveld & de Leeuw, 1993). In case of 
indoor assessments, a modified version of the PEARL model, PEARL indoor, was created to 
estimate the concentration in the air inside the greenhouse.  
The concentration in the air, calculated by the coupled PEARL-OPS model or by the PEARL 
indoor model, is in its turn used as an input for the BROWSE inhalation exposure module. 
This module estimates inhalation exposure by taking account of the concentration in the air, 
the breathing rate and the duration of exposure. 
The dermal exposure module calculates the dermal exposure based on the amount of 
residue present on the crop, the amount of contact with the crop and the duration of 
exposure. Figure 3-9 shows that the PEARL model can also provide an estimate of the 
dislodgeable foliar residue as input for calculating dermal exposure. This means that PEARL(-
OPS) can provide input for calculating inhalation exposure as well as dermal exposure. 
Finally, the estimate of hand exposure is used to calculate oral exposure as a result of hand-
to-mouth contact within the BROWSE oral exposure module.  
The next chapter gives a detailed technical description of the worker exposure model that 
was developed based on the conceptual model described in this chapter. In the subsequent 
chapters, several key elements used in the improved worker exposure model are 
highlighted. Chapter 5 describes the in-depth analysis performed to obtain new default 
values for transfer coefficients, a key element for estimating dermal exposure. In Chapter 7, 
the development of the PEARL indoor model for estimating PPP concentrations in 
greenhouse air is described in detail. The volatilisation experiments discussed in Chapter 6 
were used to test this newly developed model.  





Figure 3-9 The calculation modules behind the BROWSE software. 
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This chapter provides a technical description of the BROWSE worker exposure model. The 
algorithms and parameters used to estimate exposure are discussed in detail and a 
justification for the selected default values is given. In addition, a brief introduction to the 
BROWSE software is presented. 
 
1 INTRODUCTION 
The technical description of the worker exposure model includes an overview of the 
algorithms used to calculate the different exposure routes and the default values selected 
for each of the parameters. At the end of this chapter, a short introduction to the BROWSE 
software is given by means of print screens of the current version of the user interface. 
Chapter 3 explained how the conceptual model was translated into a working mechanistic 
model that consisted out of four calculation modules (Figure 3-9). Therefore, the first 4 
subsections of the technical model description are dedicated to these calculation modules:  
 dermal exposure, 
 inhalation exposure, 
 oral exposure, 
 PEARL(-OPS). 
In the first three sections, the algorithms and parameters used to calculate dermal, 
inhalation and oral exposure are described in detail. In the fourth section, the assumptions 
and parameters used in the PEARL indoor model and the coupled PEARL-OPS model are 
discussed. The diagram of the worker exposure model in Figure 3-9 shows that these models 
are able to provide inputs for calculating inhalation as well as dermal exposure by means of 
estimates of the vapour concentrations and the DFR, respectively. A fifth and final 
subsection describes how the external exposure estimates are converted into absorbed 
doses which can be compared with the toxicological reference values. 
Whereas the current models are only capable of calculating point values for the predicted 
exposures, the BROWSE model is able to predict exposure distributions by using 




 (e.g. vapour concentrations). Furthermore, approaches have been developed to calculate 
the following types of exposure: 
 acute exposure from a single application, 
 acute exposure from multiple applications, 
 longer term exposure from a single application, 
 longer term exposure from multiple applications. 
In case of acute exposure, it is assumed that the worker re-enters the treated field for a 
single day and the exposure is averaged over that day. In case of longer term exposure, the 
worker re-enters the treated field repeatedly for each day of a longer period of time 
(referred to as the longer term assessments period) and the exposure is averaged over this 
period. In each case, it is assumed that the work takes place somewhere between 8 a.m. and 
6 p.m. The field may be treated only once (single application) or may be treated several 
times (multiple applications).  
 
2 DETAILED MODEL DESCRIPTION 
2.1 DERMAL EXPOSURE 
Dermal exposure is estimated by assuming that the level of exposure depends of the amount 
of residue present on the crop, the amount of contact with the crop and the duration of 
exposure. First, the algorithms used to estimate dermal exposure are described. Next, the 
input parameters used in these algorithms are discussed in more detail. 
 
2.1.1 ALGORITHMS FOR EXTERNAL DERMAL EXPOSURE 
Depending on the type of transfer coefficients that are used to estimate the dermal 
exposure, different sets of algorithms are used to estimate the dermal exposure.  
Transfer coefficients can be based on either potential dermal exposure or actual dermal 
exposure.  Transfer coefficients based on potential dermal exposure allow to user to specify 
the clothing and gloves used by the worker. This is taken into account by using coverage and 
migration factors. Coverage factors define how much of the body surface area is covered by 
clothing, whereas migration factors define how much of the substance migrates through the 
clothing/gloves and reaches the skin of the worker. Transfer coefficients based on actual 
exposure already take account of migration through protective and work clothing. Hence, 
there is no need to use coverage or migration factors when this type of transfer coefficients 
is used. 




used. In order to evaluate the effect of work clothing or gloves on workers’ exposure, a 
separate assessment of hand and body exposure is needed. This can be done by using 
separate transfer coefficients for hand and body exposure. However, it may be possible that 
only a combined transfer coefficient for total exposure is available. In this case, the user can 
specify how the exposure is distributed between the hands and the body or use the defaults 
provided in the software. 
 
DERMAL EXPOSURE ESTIMATED WITH TRANSFER COEFFICIENTS BASED ON POTENTIAL DERMAL EXPOSURE: 
SEPARATE TC FOR HANDS AND BODY 
DEhands = DFR x TCp,hands x T x MFG 
DEbody,b = DFR x TCp, body x T x (1 - c) 
DEbody,c = DFR x TCp,body x T x c x MFC 




Where: DEhands Dermal exposure of the hands (µg/d) 
 DFR Dislodgeable foliar residue (µg/cm²) 
 TCp,hands Transfer coefficient for hand exposure based on PDE (cm²/h) 
 T Duration of exposure (h/d) 
 MFG Migration factor for gloves (%) 
 DEbody,b Dermal exposure of bare body parts (µg/d) 
 TCp,body Transfer coefficient for body exposure based on PDE (cm²/h) 
 c Coverage of the body, provided by clothing (%) 
 DEbody,c Dermal exposure of covered body parts (µg/d) 
 MFC Migration factor for clothing (%) 
 
 
DERMAL EXPOSURE ESTIMATED WITH TRANSFER COEFFICIENTS BASED ON POTENTIAL DERMAL EXPOSURE: 
COMBINED TC FOR HANDS AND BODY 
DEhands = DFR x TCp, totalx fhands x T x MFG 
DEbody,b = DFR x TCp,total x fbody x T x (1 - c) 
DEbody,c = DFR x TCp,total x fbody x T x c  x MFC 
ALGORITHM SET 2 
 
 
   
Where: DEhands Dermal exposure of the hands (µg/d) 
 DFR Dislodgeable foliar residue (µg/cm²) 
 TCp,total Transfer coefficient for total exposure based on PDE (cm²/h) 
 fhands Fraction hand exposure/total exposure (%) 
 T Duration of exposure (h/d) 
 MFG Migration factor for gloves (%) 




 fbody Fraction body exposure/total exposure (%) 
 c Coverage of the body, provided by clothing (%) 
 DEbody,c Dermal exposure of covered body parts (µg/d) 
 MFC Migration factor for clothing (%) 
 
DERMAL EXPOSURE ESTIMATED WITH TRANSFER COEFFICIENTS BASED ON ACTUAL DERMAL EXPOSURE: 
SEPARATE TC FOR HANDS AND BODY 
DEhands = DFR x TCa,hands x T 
DEbody = DFR x TCa,body x T 
ALGORITHM SET 3 
   
Where: DEhands Dermal exposure of the hands (µg/d) 
 DFR Dislodgeable foliar residue (µg/cm²) 
 TCa,hands Transfer coefficient for the hands based on ADE (cm²/h) 
 T Duration of exposure (h/d) 
 DEbody Dermal exposure of the body (µg/d) 
 TCa,body Transfer coefficient for the body based on ADE (cm²/h) 
 
DERMAL EXPOSURE ESTIMATED WITH TRANSFER COEFFICIENTS BASED ON ACTUAL DERMAL EXPOSURE: 
COMBINED TC FOR HANDS AND BODY 
DEhands = DFR x TCa,total x fhands x T 
DEbody = DFR x TCa,total x fbody x T 
ALGORITHM SET 4 
 
Where: DEhands Dermal exposure of the hands (µg/d) 
 DFR Dislodgeable foliar residue (µg/cm²) 
 TCa,total Transfer coefficient for total exposure based on ADE 
(cm²/h) 
 fhands Fraction hand exposure/total exposure (%) 
 T Duration of exposure (h/d) 
 DEbody Dermal exposure of the body (µg/d) 
 fbody Fraction body exposure/total exposure (%) 
   
2.1.2 TRANSFER COEFFICIENTS (TC) 
Transfer coefficients are a measure for the amount of contact with the crop and are specific 
for each scenario (combination of a crop type and a worker activity). Different sources of 
transfer coefficients were identified: 
(a) BROWSE: based on an up-to-date literature search, 




(c) U.S. EPA: based on studies performed by the ARTF (Agricultural Re-entry Task Force) 
(Bruce & Korpalski, 2008). 
The transfer coefficients from each of these sources have been made available in the 
BROWSE software. An overview of these transfer coefficients is given in Table 4-1. In 
addition, the user can specify its own set of transfer coefficients by selecting the “own 
value” option from the drop-down menu. More information about transfer coefficients in 
general and the BROWSE transfer coefficients in particular is given in Chapter 5. 
Note (b1) in Table 4-1: the EFSA guidance only provides transfer coefficients for total 
exposure (EFSA, 2014b). As the transfer coefficients for the scenarios of harvesting of 
orchard fruit, ornamentals and fruiting vegetables are based on the EUROPOEM transfer 
coefficients, the corresponding transfer coefficients for hand and body exposure were taken 
from the EUROPOEM re-entry report (van Hemmen et al., 2002). 
Note (b2) in Table 4-1: the transfer coefficients proposed by EFSA for grape harvesting 
scenario are based on the U.S. EPA database, because EUROPOEM doesn’t provide transfer 
coefficients for this scenario. EFSA proposes to use a transfer coefficient of 30000 cm²/h for 
potential exposure and a transfer coefficient of 10100 cm²/h for actual exposure (covered 
body and bare hands). Baugher (2005) investigated the distribution of the residues across 
the different body parts using the data from the ARTF exposure studies. In case of hand 
harvesting of grapes, 24% of the total potential exposure was found on the hands. With this 
information, an indicative transfer coefficient of (30000 x 0.24 =) 7200 cm²/h was calculated 
for potential hand exposure. Assuming that the remaining 76% of the exposure is found on 
the body, a corresponding value of (30000 x 0.76 =) 22800 cm²/h was determined for 
potential body exposure. Assuming that clothing provides a tenfold reduction of the 
exposure, a value of approximately 2300 cm²/h (= 22800 x 0.1) was derived for potential 
actual exposure. By adding up the values for hand and body exposure, a transfer coefficient 
of (7200 + 2300 =) 9500 cm²/h was determined for total actual exposure. This value 




Table 4-1 Default values for transfer coefficients for potential dermal exposure (PDE) and actual dermal exposure (ADE) (in cm²/h). 
   Harvesting 
orchard fruit 
Pruning  





Harvesting indoor  
ornamentals 




BROWSE PDE Hands 1500 (a)     1200 (a) 3800 (a) 2700 (a) 4900 (a) 
  Body
1
 21800 (a)     12000 (a) 27000 (a) 3000 (a) 9000 (a) 
  Total 23300 (a)     13200 (a) 30800 (a) 5700 (a) 13900 (a) 
 ADE Hands 1500 (a)     1200 (a) 3800 (a) 3700 (a) 4900 (a) 
  Body
1
 2200 (a)     1200 (a) 2700 (a) 300 (a) 900 (a) 
  Total 3700 (a)     2400 (a) 6500 (a) 3000 (a) 5800 (a) 
EFSA PDE Hands 2500 (b1)     7200 (b2) 4000 (b1) 2200 (b1)   
  Body
1
 20000 (b1)     22800 (b2) 10000 (b1) 3600 (b1)   
  Total 22500 (b1)     30000 (b2) 14000 (b1) 5800 (b1)   
 ADE Hands 2500 (b1)     7200 (b2) 4000 (b1) 2200 (b1) 2500 (b1) 
  Body
1
 2000 (b1)     2300 (b2) 1000 (b1) 300 (b1) 1200 (b1) 
  Total 4500 (b1)     9500 (b2) 5000 (b1) 2500 (b1) 3700 (b1) 
U.S. EPA ADE Total 1400 (c1) 600 (c2) 3600 (c3) 7800 (c4) 4800 (c5) 800 (c6) 1100 (c7) 
1The term body includes the torso, the arms, the legs, the feet and the head. 
(a): based on BROWSE literature search (see Chapter 5). 
(b1): proposed by EFSA, but based on EUROPOEM data (EFSA, 2014b; van Hemmen et al., 2002). See note above. 
(b2): proposed by EFSA, but based on U.S. EPA data (EFSA, 2014b; U.S. EPA, 2013). See note above. 
(c1): U.S. EPA transfer coefficient for cluster OH (EPA), harvesting of orchard fruit (U.S. EPA, 2013). 
(c2): U.S. EPA transfer coefficient for cluster OP, pruning and scouting of orchard fruit (U.S. EPA, 2013). 
(c3): U.S. EPA transfer coefficient for cluster OT (EPA), thinning of orchard fruit (U.S. EPA, 2013). 
(c4): average value of the U.S. EPA transfer coefficients for clusters THjg (EPA) and THtg (EPA), respectively harvesting of wine grapes and table grapes (U.S. EPA, 2013). 
(c5): U.S. EPA transfer coefficient for cluster GHf, harvesting of greenhouse and nursery floriculture (U.S. EPA, 2013). 
(c6): average value of the U.S. EPA transfer coefficients for cluster SH and cluster HH, respectively harvesting of smooth-leaf field crops and harvesting of hair-leaf field 
crops (U.S. EPA, 2013). 




2.1.3 FRACTION OF EXPOSURE WITH HANDS/BODY (FHANDS AND FBODY) 
The exposure distribution factors fhands and fbody describe how the exposure is distributed 
over the hands and the body. These distribution factors are important when combined 
transfer coefficients for total exposure are used because these factors allow hand and body 
exposure to be assessed separately. Consequently, protection provided by clothing or gloves 
can be taken into account. 
When separate transfer coefficients for body and hand exposure are used, the exposure 
distribution factors are strictly informative because the exposure distribution is already 
described by the transfer coefficients. For the BROWSE and EUROPOEM-EFSA transfer 
coefficients, the exposure distribution factors are determined by calculating the ratio of the 





 fbody = 
TCbody
TCtotal
= 1 - fhands 
 
















 = 0.94 = 94% 
 
The exposure distribution factors based on the BROWSE transfer coefficients are used as 
defaults in case of the option “own value > combined TC for hands and body”. The user can 
however also specify other values. 
As the U.S. EPA only provides transfer coefficients for total actual exposure, the approach 
described above to calculate the exposure distribution factors cannot be applied. Therefore, 
the exposure distribution factors for actual exposure from Baugher (2005) were used 
instead. 
Example for the U.S. EPA transfer coefficients for harvesting of orchard fruit: 
fa,hands = 70%        fa,body = 100% - 70% = 30%  
 





Table 4-2 Default values for exposure distribution factors for potential (PDE) and actual (ADE) dermal exposure (in %). 
   Harvesting 
orchard fruit 
Pruning  











BROWSE PDE Hands 6 (a)     9 (a) 12 (a) 47 (a) 35 (a) 
  Body
1
 94 (a)     91 (a) 88 (a) 53 (a) 65 (a) 
 ADE Hands 41 (a)     50 (a) 58 (a) 90 (a) 84 (a) 
  Body
1
 59 (a)     50 (a) 42 (a) 10 (a) 16 (a) 
EFSA PDE Hands 11 (a)     24 (b) 29 (a) 38 (a)   
  Body
1
 89 (a)     76 (b) 71 (a) 62 (a)   
 ADE Hands 56 (a)     76 (a) 80 (a) 88 (a) 68 (a) 
  Body
1
 44 (a)     24 (a) 20 (a) 12 (a) 32 (a) 
U.S. EPA ADE Hands 70 (b) 55 (b) 70 (b) 59 (b) 64 (b) 77 (b) 84 (b) 
  Body
1
 30 (b) 45 (b) 30 (b) 41 (b) 36 (b) 23 (b) 16 (b) 
1The term body includes the torso, the arms, the legs, the feet and the head. 
(a) based on the transfer coefficients from Table 4-1. 




2.1.4 DURATION OF EXPOSURE (T) 
The duration of exposure is the amount of time spent in the treated crop while performing 
an activity such as harvesting. In the past, default values of 2 and 8 hours were used for 
respectively harvesting and scouting tasks (van Hemmen et al., 2002).  
 
In the BROWSE software, survey data were used to support the suggested default values for 
parameters such as the duration of exposure. These data were collected as part of the 
BROWSE and CAPEX surveys. The BROWSE surveys were specifically aimed at allowing the 
modellers to make informed decisions about some default values. The information was 
collected by means of face-to-face interviews in three EU countries: Italy, Greece and the 
UK. The information collected by the BROWSE surveys was supplemented with data from 
the CAPEX surveys performed within the framework of an EFSA project. These surveys aimed 
at addressing non-dietary cumulative exposure to PPPs by means of carrying out pilot 
surveys in six EU Member States: UK, Belgium, Spain, Greece, Poland and Italy (Glass et al., 
2012). More information about the survey data analysis can be found in Appendix B. 
Based on the analysis of the survey data, default values for the duration of exposure were 
suggested and implemented into the software. These values are shown in Table 4-3. In 
addition to these default values, the user can also specify other values by selecting the 
option "Constant – own value” in the drop-down menu. 
 
Table 4-3 Default values for duration of exposure (in h/d). 
Crop group Task Duration of exposure 
Orchard fruit1 Harvesting/pruning/thinning 8 
Grapes Harvesting 8 
Indoor fruiting vegetables Harvesting 8 
Indoor ornamentals Harvesting 7 
Soft fruit (other than grapes) Harvesting 8 
1No data were available for orchard fruit. A default value of 8 h/d was used instead. 
 
 
2.1.5 OPTIONS FOR CLOTHING, HEADWEAR AND GLOVES 
Different options of clothing, headwear and gloves have been made available in the 
software by means of drop-down menus (Table 4-4). These options reflect the most 
common types of attire worn by workers, as suggested by the BROWSE and CAPEX surveys. 
The selected options for clothing and headwear determine the extent to which the skin of 





Table 4-4 Clothing, headwear and glove options available in the BROWSE software. 
Clothing Headwear Gloves 
shorts & t-shirt 
shorts & long-sleeved shirt 
trousers & t-shirt 







For each scenario, default options for clothing, head wear and gloves have been selected 
based on the information provided by the BROWSE and CAPEX surveys. More information 
about the survey data analysis can be found in Appendix B. The default options, as shown in 
Table 4-5, can be changed by the user by selecting a different option from the drop-down 
menu.  
 
Table 4-5 Default clothing, head wear and glove options. 
Scenario Clothing Head wear Gloves 
Harvesting/pruning/thinning orchard fruit Shorts and t-shirt None None 
Harvesting grapes Trousers and t-shirt Cap None 
Harvesting indoor fruiting vegetables Shorts and t-shirt Cap None 
Harvesting indoor ornamentals Trousers and t-shirt None None 
Harvesting soft fruit (other than grapes) Trousers and long-sleeved shirt None None 
 
 
2.1.6 COVERAGE PROVIDED BY CLOTHING 
The coverage provided by clothing is expressed with the factor c. For each combination of 
clothing and headwear, appropriate coverage factors were determined by using the U.S. EPA 
data on body part surface areas for men and women (U.S. EPA, 2011). The mean values of 
these data are listed in Table 4-6.  
With the body part surface areas in Table 4-6, coverage factors were calculated by assuming 
the following: 
 The feet are always covered. 
 A t-shirt covers the trunk and upper arms. A long-sleeved shirt covers the trunk and 
upper and lower arms. 
 Shorts cover the thighs, whereas trousers also cover the lower legs. 





Table 4-6 Default values for mean body part surface areas (in m²) (U.S. EPA, 2011). 
Body part Male Female 
Head 0.136 0.114 
Trunk 0.827 0.654 
Upper arms 0.172 0.127 
Lower arms 0.148 0.110 
Thighs 0.412 0.364 
Lower legs 0.268 0.233 
Feet 0.137 0.122 
Total body 2.100 1.724 
 
Example: a male worker wears a t-shirt and shorts. These clothing items cover the upper 
arms (0.172 m²), the trunk (0.827 m²) and the thighs (0.412 m²). The feet are also assumed 
to be covered (0.137 m²).  This results in a coverage factor of 74%, i.e. 74% of the body is 
covered with clothing: 
(0,172 + 0,827 + 0,412 + 0,137)/2,1 = 0,74 = 74%. 
By applying the same method for the remaining clothing and headwear combinations, a full 
set of default coverage factors was determined. These values can be found in Table 4-7. In 
addition to these default values, this parameter also allows a user-specified value.  
 
Table 4-7 Default values for coverage provided by clothing (in %). 
Clothing and headwear Male Female 
Shorts and t-shirt 74 74 
Shorts and long-sleeved shirt 81 80 
Trousers and t-shirt 86 87 
Trousers and long-sleeved shirt 94 93 
Shorts and t-shirt + cap 77 77 
Shorts and long-sleeved shirt + cap 84 83 
Trousers and t-shirt + cap 90 90 
Trousers and long-sleeved shirt + cap 97 97 
 
 
2.1.7 MIGRATION FACTORS FOR CLOTHING AND GLOVES 
The clothing migration factor MFC is used in combination with the coverage factor c to take 
account of the protection provided by clothing, whereas the glove migration factor MFG 




The default migration factors in Table 4-8 are based on values proposed by EFSA (EFSA, 
2014b). A migration factor of 20% (proposed by EFSA for a single layer of work clothing) is 
used for regular work clothing and for non-chemical protective gloves (e.g. cotton gloves). 
For chemical protective gloves, a migration factor of 5% is used.  
 
Table 4-8 Default migration factors for clothing, head wear and gloves (in %) (EFSA, 2014b).  
Clothing or gloves Migration factor 
Clothing and headwear (MFc) 10 
Gloves (MFG) 1 Chemical protective 5 
2 Non-chemical protective 10 
 
 
2.1.8 RE-ENTRY INTERVAL 
The re-entry interval is the amount of time between the application of the PPP and the re-
entry of the worker into the treated crop or area. Three options have been provided by 
means of a drop-down menu. 
 Constant – realistic worst-case: 0 days 
 Constant – BROWSE/CAPEX surveys: default values given in Table 4-9 
 Constant – own value: user input 
The default option of 0 days is considered to be a realistic worst-case. Although a re-entry 
interval on the day of application is possible, it may not be very common. Therefore, the 
data on (earliest) re-entry intervals collected as part of the CAPEX surveys was also analysed 
(Glass et al., 2012). Although the information was quite limited, the CAPEX surveys are the 
only source of information on intervals applied in practice. Data were available for indoor 
ornamentals, indoor vegetables, grapes and soft fruit. For orchards, no forms on worker 
activities have been collected so no information is available on re-entry intervals. The re-
entry intervals based on the analysis of the CAPEX data are presented in Table 4-9. 
 
Table 4-9 Default values for re-entry interval (in days). 
Crop group Task Re-entry interval (days) 
Orchard fruit1 Harvesting, pruning, thinning no data available 
Grapes Harvesting 2 
Indoor fruiting vegetables Harvesting 2 
Indoor ornamentals Harvesting 1 
Soft fruit (other than grapes) Harvesting 1 
1
No data were available for orchard fruit, so a default option based on the CAPEX surveys is not available for 




2.1.9 DISLODGEABLE FOLIAR RESIDUE 
The dislodgeable foliar residue (DFR) is the amount of residue present on the leaf surface 
that can be dislodged and transferred to the worker during contact with the crop. There are 
three options available in the software to calculate the DFR. The first option uses the PEARL-
OPS model to estimate the DFR, the second and third options allow the user to provide input 
about the DFR. 
OPTION 1: CALCULATED BY SOFTWARE 
The PEARL-OPS model simulates the volatilisation of the substance from the crop canopy. To 
this purpose, the model estimates the amount of deposit on the crop as it is the source of 
volatilisation. The initial residue of the substance on the crop is estimated based on the 
application rate (referred to as the active substance dose in the BROWSE software) and the 
crop interception factor. In its turn, the application rate is calculated from the concentration 
of the substance in the product and the product dose, which are user inputs. 
  
initial residue on crop = AR x CI  EQUATION 13 
 
Where: Initial residue on crop Initial residue on the crop (kg a.s./ha) 
 AR Active substance dose (kg a.s./ha) 
 CI Crop interception factor (%) 
 
AR = (concentration x product dose)/1000 
 
EQUATION 14 
Where: AR Application rate (kg a.s./ha) 
 concentration Concentration of active substance in product (g/L for liquid 
formulations and g/kg for solid formulations) 
 product dose Product dose (L/ha for liquid formulations and kg/ha for solid 
formulations) 
 
Over time, this initial residue on the crop will decrease because volatilisation takes place. 
Competing processes such as uptake by the plant and degradation can also be considered by 
implementing appropriate half-life times. While the residue on the crop was initially 
governed by the crop interception factor, the fraction of the applied dose on the crop is now 
lower and is expressed by the factor AmaCrp within PEARL-OPS. More information about the 
PEARL-OPS model can be found in section 2.4. From this estimate, the DFR is calculated with 
help of the leaf area index. An additional parameter FD has been introduced in this algorithm 
to take account of the dislodgeable fraction of the deposit. Currently, this parameter is set 




DFR = residue on leaves  =  




   
Where: DFR Dislodgeable foliar residue (µg/cm²) 
 AR Application rate (kg a.s./ha) 
 AmaCrp Amount of residue remaining on crop (%) 
 FD Dislodgeability factor (%) 
 LAI Leaf area index (-), user input (see below) 
 10 Conversion factor to convert kg/ha to µg/cm² 
OPTION 2: OWN VALUE – BASIC 
The second option can be used when experimental DFR data are available. By selecting this 
option, the user can fill in his/her own value of the DFR. Since the user input DFR is a point 
estimate that doesn’t represent the decline of residue over time, only acute exposure will be 
calculated as this DFR is not suitable to perform longer term assessments. This is similar to 
how worker exposure assessments are currently done. 
As discussed in the introductory chapter, EUROPOEM proposes to use a value of 3 µg/cm² 
per kg a.s./ha, based on the 90th percentile of DFR data extracted from literature (van 
Hemmen et al., 2002). This conservative DFR value is used as default value in the BROWSE 
software. As this value is normalized per kg of applied substance, the BROWSE software 
converts it to µg/cm² by multiplying the value with the applied substance dose (as calculated 
on the assessment tab). Alternatively, the user can immediately fill in the DFR in µg/cm². 
OPTION 3: OWN VALUE – ADVANCED 
The second option allows the user to feed more detailed inputs about the DFR into the 
model. These inputs are the re-entry interval, the longer term assessment period, the initial 
DFR and the foliar half-life time. In case of multiple applications, input about the number of 
applications and the number of days between applications is also required. From this 
information, acute and longer term exposure from single and multiple applications can be 
calculated. A visualisation of the approaches used to calculate these exposures can be found 







Figure 4-1 Visualisation of DFR calculation for singe applications 
 
 
Figure 4-2 Visualisation of DFR calculation for multiple applications 
The DFR for acute exposure from a single application is calculated by applying first-order 
degradation kinetics to the DFR0. The EUROPOEM value of 3 µg/cm² per kg a.s./ha is set as 
default input for the DFR0 (van Hemmen et al., 2002). This value is first converted to µg/cm² 
by multiplying it with the active substance dose, which is calculated on the assessment tab. 
Alternatively, the user can specify another input value. Next, the DFRt (i.e. the DFR at the 
time of re-entry) is calculated as follows: 
 
DFRt =  DFR0 x  e
-k.t EQUATION 16 
 
Where: DFRt Dislodgeable foliar residue at the time of re-entry (µg/cm²) 
 DFR0 Dislodgeable foliar residue just after application (µg/cm²) 
 k Degradation constant (d-1), calculated from the half-life time:  
k = ln(2)/DT50f 
 DT50f Foliar half-life time (d) 
 t Re-entry interval (d) 
The DFR for longer term exposure from a single application is calculated using a similar 
approach. Instead of calculating the DFR for a single day (specified by the re-entry interval, 
the DFR is calculated for each day of the longer term assessment period (DFRx) and 








































DFRx =  DFR0 x  e
-k.x EQUATION 17 
   
Where: DFRx Dislodgeable foliar residue at time x (µg/cm²) 
 DFR0 Dislodgeable foliar residue just after application (µg/cm²) 
 k Degradation constant (d-1), calculated from the half-life time:  
k = ln(2)/DT50f 
 DT50f Foliar half-life time (d) 
 x Day of the longer term assessment period (d) 
 
The DFR for acute exposure from multiple applications is calculated by means of the 
multiple applications factor or MAF. It is calculated from the number of applications and the 







   
Where: MAFn Multiple applications factor for n applications (-) 
 n Total number of applications (-) 
 k Degradation constant (d-1), calculated from the half-life time:  
k = ln(2)/DT50f 
 DT50f Foliar half-life time (d) 
 i Number of days between applications 
 
This factor is used as a multiplier to calculate the DFR resulting from multiple applications 
(DFR0,n) from the DFR resulting from the initial application (DFR0,i): 
 
DFR0,n= DFR0,i x MAFn EQUATION 19 
   
Where: DFR0,n Dislodgeable foliar residue just after n applications (µg/cm²) 
 DFR0,i Dislodgeable foliar residue just after initial application (µg/cm²) 
 MAFn Multiple applications factor for n applications (-) 
Finally, the DFR at the time of re-entry is calculated by applying first-order dissipation 
kinetics to the DFR0,n.  
 
DFRt,n= DFR0,n x e
-k.t EQUATION 20 
   
Where: DFRt,n Dislodgeable foliar residue at the time of re-entry (µg/cm²) 




 k Degradation constant (d-1), calculated from the half-life time:  
k = ln(2)/DT50f 
 DT50f Foliar half-life time (d) 
 t Re-entry interval (d) 
 
The DFR for longer term exposure from multiple applications is calculated by averaging the 
DFR over the longer term assessment period. First, the DFR is calculated for each day of the 
longer term assessment period. For the days on which an application takes place, the DFR is 







   
Where: MAFm Multiple applications factor for application m (-) 
 m Application number (-), m: 1  n  
 k Degradation constant (d-1), calculated from the half-life time:  
k = ln(2)/DT50f 
 DT50f Foliar half-life time (d) 
 i Number of days between applications 
 
DFR0,m= DFR0,i x MAFm EQUATION 22 
   
Where: DFR0,m Dislodgeable foliar residue just after application m (µg/cm²) 
 DFR0,i Dislodgeable foliar residue just after initial application (µg/cm²) 
 MAFm Multiple applications factor for application m (-) 
 
Next, the DFR is calculated for the days between applications by applying first-order 
dissipation kinetics to obtain a DFR value for each day of the longer term assessment period. 
Finally, the DFR is averaged over the longer term assessment period (average DFRx,m). 
 
DFRx,m= DFR0,m x e
-k.x EQUATION 23 
   
Where: DFR0,m Dislodgeable foliar residue after application m (µg/cm²) 
 DFRx,m Dislodgeable foliar residue at time x (µg/cm²) 
 k Degradation constant (d-1), calculated from the half-life time:  
k = ln(2)/DT50f 
 DT50f Foliar half-life time (d) 




2.1.10 GROWTH STAGES AND CROP INTERCEPTION FACTORS 
Crop interception factors are used in PEARL-OPS to calculate the fraction of the applied dose 
that is deposited on the crop. The default values in Table 4-10 have been suggested based 
on the interception factors used in FOCUS groundwater (FOCUS, 2000). As the amount of 
interception increases as the crop grows throughout the season, different crop interception 
values are available depending on the selected growth stage. The crop interception factors 
can be changed by selecting a different growth stage or by selecting the “Constant – own 
value” option.  
 
Table 4-10 Default values for crop interception factors (in %) (FOCUS, 2000). 
Crop group FOCUS crop Growth stage Interception factor 
Orchard fruit Apples Without leaves (early or dormant) 50 
Flowering 65 
Foliage development 70 
Full foliage (late or full leaf) 80 
Grapes Vines Without leaves 40 
First leaves 50 
Leaf development 60 
Flowering 70 
Ripening 85 
Fruiting vegetables Tomatoes Bare soil or emergence (BBCH 00-09) 0 
Leaf development (BBCH 10-19) 50 
Stem elongation (BBCH 20-39) 70 
Flowering (BBCH 40-89) 80 
Senescence or ripening (90-99) 50 
Soft fruit  
(other than grapes) 
Strawberries Bare soil or emergence 0 
 Leaf development 30 
  Stem elongation 50 
  Flowering or Senescence 60 
  Ripening 60 
 
For the pruning of orchard fruit scenario, the default growth stage is set to “early or 
dormant”, whereas the default growth stage is “late or full leaf” for harvesting and thinning. 
For the remaining scenarios (grapes, soft fruit and fruiting vegetables), the default growth 
stage is set to “ripening”. There are no default growth stages or crop interception factors for 
ornamentals since FOCUS does not provide interception factors for this crop group and a 
default value from literature did not seem appropriate due to the large variation in 





2.1.11 LEAF AREA INDEX 
The leaf area index is used to convert the deposit on the crop, calculated by PEARL-OPS, to 
the dislodgeable foliar residue. The default values in Table 4-11 are based on the values used 
in the pesticide risk indicators for re-entry exposure developed within the HAIR project 
(Harmonised Environmental Indicators for Pesticide Risk) (HAIR, 2003). 
 
Table 4-11 Default values for leaf area index (-) (HAIR, 2003). 
Crop group Early stages Late stages 
Grapes 2 4 
Orchard fruit 2 4 
Indoor ornamentals 1 2 
Indoor fruiting vegetables 1 2 
Soft fruit (other than grapes) 1 2 
 
2.2 INHALATION EXPOSURE 
2.2.1 ALGORITHMS FOR INHALATION EXPOSURE 
Inhalation exposure is the result of the inhalation of air contaminated with PPP. Within the 
scope of the BROWSE project, volatilisation of the PPP from the crop is considered to be the 
only source of inhalation exposure. Other sources such as droplets and dust are currently 
not considered. 
 
Inhalation exposure is calculated using the following algorithm: 
 
IE = AirCt x BR x T EQUATION 24 
   
Where: IE Inhalation exposure (µg/d) 
 AirCt Concentration in air during re-entry (µg/m³) 
 BR Breathing rate (m³/h) 
 T Duration of exposure (h/d) 
 
 
2.2.2 BREATHING RATE 
The breathing rate is an input parameter for estimating inhalation exposure of workers. The 
default values in Table 4-12 are based on data from the U.S. EPA Exposure Factors Handbook 




from ‘Sleep or nap’ to ‘High intensity’ (U.S. EPA, 2011). The breathing rates for the ‘light 
intensity’ and ‘moderate intensity’ activities have been incorporated into the software.  
A light intensity activity is defined as an activity with a MET value between 1.5 and 3, 
whereas a moderate intensity activity has a MET value between 3 and 6. MET stands for 
Metabolic Equivalent of Task and is a measure for the intensity of the activity. The 2011 
Compendium of Physical Activities provides a list of MET values for more than 800 activities, 
including several farming activities. The MET values for these activities range between 1.8 
and 7.8 with a value of 4.8 for harvesting activities (Ainsworth et al., 2011; Ainsworth et al., 
2014) 
Both distributions and constant values (based on the mean values of the distributions) are 
available in the software. Furthermore, the user can enter another value by selecting the 
“Constant – own value” option from the drop-down menu. 
 




Breathing rate statistics 
Mean 5th 10th 25th 50th 75th 90th 95th Max 
Male1 Light 0.88 0.67 0.70 0.78 0.86 0.95 1.08 1.16 1.53 
Moderate 1.96 1.34 1.44 1.68 1.88 2.22 2.50 2.75 4.23 
Female1 Light 0.72 0.59 0.61 0.65 0.71 0.78 0.85 0.89 1.07 
Moderate 1.51 1.13 1.19 1.31 1.46 1.69 1.91 2.10 2.92 
1




2.2.3 CONCENTRATION IN AIR 
The concentration in the air is estimated with the coupled PEARL-OPS model for outdoor 
scenarios or with the PEARL indoor model for indoor scenarios (see section 2.4). 
 
2.2.4 DURATION OF EXPOSURE 






2.3 ORAL EXPOSURE 
Dermal exposure on the hands may become ingested through hand-to-mouth contact. 
During this contact, a certain amount of PPP is transferred from the hands to the mouth 
(Cherrie et al., 2006). The following equation is used to calculate the resulting oral exposure: 
 
OE = DEhands x Am/Ah x SE x (N x T) 
 
EQUATION 25 
Where: OE Oral exposure (µg/d) 
 DEhands Dermal exposure of the hands (µg/d) 
 Am/Ah Fraction of hand area making contact with the mouth, 
input on assessment tab (default = 7%) 
 SE Skin-to-mouth transfer factor (%), 
input on assessment tab (default = 43%) 
 N Number of hand-to-mouth contacts (contacts/h), 
fixed at 1 contact/hour 
 T Duration of exposure (h/d) 
 
 
2.3.1 FRACTION OF HAND AREA MAKING CONTACT WITH THE MOUTH  
The default value for fraction of hand area making contact with the mouth was determined 
by assuming that the fingertips of one hand (14% of the hand area) make contact with the 
mouth during hand-to-mouth contact (Michaud et al., 1994). By using the EPA data on body 
surface area for males, the default was calculated as follows: 
 Ah = total area of 2 hands: 1050 cm² (U.S. EPA, 2011) 
 Am = area making contact with mouth: 1050/2 x 0.14 = 74 cm² 
 Am/Ah = 74/1050 = 0.07 = 7% 
The default for this parameter is available in the assessment tab, but can be changed to a 
more appropriate value by the user if necessary. 
 
2.3.2 SKIN-TO-MOUTH TRANSFER FACTOR 
Data from IOM (Institute of Medicine) and EPA (Environmental Protection Agency) were 
combined and the 50th percentile of these data (0.43 or 43%) was used as a default in the 






Table 4-13 Analysis of IOM and EPA data on skin-to-mouth transfer. 
 IOM EPA Combined 
Number of data points 12 27 39 
Arithmetic mean 0.14 0.48 0.38 
Standard deviation 0.31 0.13 0.26 
Geometric mean - 1 0.46 - 1 
Minimum -0.14 0.22 -0.14 
50th percentile 0.05 0.50 0.43 
75th percentile 0.22 0.59 0.57 
90th percentile 0.33 0.62 0.61 
95th percentile 0.64 0.66 0.67 
99th percentile 0.93 0.70 0.89 
Maximum 1.00 0.71 1.00 
1
Not calculated due to negative values. 
 
2.3.3 NUMBER OF HAND-TO-MOUTH CONTACTS 
Data on the frequency of hand-to-mouth contact is quite scarce. The best available data 
come from Zainudin (2004). In this data, data were obtained for three groups of adults: 
laboratory and pesticide workers, manufacturing and engineering workers and office 
workers. The office workers showed the greatest number of hand-to-mouth contact (on 
average 6 contacts per hour), whereas the laboratory and pesticide workers showed the 
lowest (almost none). It was hypothesised that the latter were almost constantly using their 
hands to perform their activities and would therefore make less hand-to-mouth contact then 
office workers. Manufacturing and engineering workers were somewhere in between. 
Hence, the data from Zainudin (2004) suggest that the frequency of hand-to-mouth contact 
is rather low for pesticide workers. Therefore, a (fixed) default value of 1 hand-to-mouth 
contact per hour was used in the model. 
 
 
2.4 PEARL(-OPS) MODEL 
2.4.1 PEARL-OPS MODEL FOR OUTDOOR SCENARIOS 
The emission of vapour into the air after spraying the PPP on the crop is computed by the 
PEARL model (Pesticide Emission Assessment at Regional and Local scales). This model has 




National Institute of Public Health and the Environment), Alterra (a research institute) and 
PBL (Netherlands Environmental Assessment Agency). The version of PEARL for BROWSE is 
based on the PEARL version currently being used (i.e. FOCUS_PEARL_444) to assess leaching 
to groundwater in the registration procedure at the EU level. This version includes the 
improved description of the volatilisation of plant protection products from crops as well as 
the description of competing processes on the plant surface, such as penetration into the 
plant tissue, wash-off and photo-transformation (van den Berg & Leistra, 2004). Moreover, 
this version has an option to read meteorological data on an hourly basis, so the 
volatilisation can be assessed on an hourly basis.  
For outdoor volatilisation, the PEARL model has been coupled to the atmospheric dispersion 
model OPS (Operational Atmospheric Transport Model for Priority Substances) that 
simulates atmospheric concentration and dry deposition of pollutants in a given area of 
interest. OPS simulates the atmospheric process sequence of dispersion, transport, chemical 
conversion and finally deposition (van Jaarsveld, 2004). The special high-resolution model 
version of OPS used for BROWSE, OPS-St (St for Short term) allows hour-to-hour variations in 
emissions to be included (van Pul et al., 2008). OPS has been set up as a universal framework 
supporting the modelling of a wide variety of pollutants and specific applications. 
OPS-St is able to compute the concentration at hourly time steps, using a variable surface 
source strength. The output is computed for receptor points to be specified by the user. The 
simulations take into account 1) the source characteristics and strength, 2) the 
meteorological conditions, 3) local land cover and land use in the area and at the specific 
receptor points. For BROWSE, the improved PEARL model was coupled to OPS-St to enable 
the prediction of time-dependent air concentrations at an hourly resolution at locations 
around and within the source field. The coupled Pearl-OPS model determines the 
concentration at two heights (0.7 and 1.4 m) for the layout and locations shown in Figure 
4-3. The worker is assumed to be in the middle of the treated field(s) and have a breathing 
height of 1.4 m (Figure 4-3). 
The treated area is a variable: either 200 m x 200 m, 500 m x 500 m or 2000 m x 2000 m 
(Figure 4-3). In regions where field sizes are small, there are likely to be groups of fields that 
are treated with the same chemical at a similar time, and so the area should be considered 






Figure 4-3 Layout of source (field) and receptors (workers, residents and bystanders) for modelling 
vapour exposure. 
The rate of volatilisation of a PPP from crops is strongly driven by vapour pressure. Because 
vapour pressure increases with temperature, locations with arable crops were identified in 
each EU zone with an average air temperature in the growing season (April-October) 
corresponding to the 90th percentile of the average temperatures within that zone (realistic 
worst case conditions). Sites were selected in Greece, Spain, Italy (southern zone), Hungary, 
Germany (central zone) and Denmark (northern zone) (Figure 4-4). For each site 
meteorological data on an hourly basis for the period 2005 – 2009 were collected.  
 
 
Figure 4-4 Selected sites within the EU regulatory zones used for plant protection product 
registration 
The model is then run assuming a single application. An application of the PPP is made every 
seven days during the growing season which is assumed to take place from April 15 – 
September 30.  To avoid overlap in emission resulting from 2 consecutive applications, the 
residue of the compound is set to zero just before the next application.  While in practice 
there could be a cumulative dose on the crop from sequential applications, it is unlikely as 




rate of loss from the crop. These processes include wash-off by rainfall, photodegradation 
and uptake by the plant. 
The coupled PEARL-OPS model is run for five years of meteorological data to have a wide 
range of meteorological conditions at the time and on the days following each application.  
The outputs of PEARL-OPS are concentrations at each of the specified locations for each 
hour of five seasons.  The output data is then processed to determine: 
 The concentration in air for the day of re-entry averaged over the period from 8 a.m. 
to 6 p.m. The day of re-entry is specified by the re-entry interval and the period from 
8 a.m. to 6 p.m. is considered to be the period when most workers are likely to be 
active (see Figure 4-5). 
 The long-term average concentration over 7 days for each application, again only 
taking into account the 8 a.m. to 6 p.m. working period (see Figure 4-6).  
 
 






Figure 4-6 Visualisation of target output data used as starting point to calculate longer term 
exposure. 
 
The post-processing of the output data results in a distribution of average re-entry 
concentrations (associated with each application date across the five years) and a 
distribution of 7-day average concentrations (associated with each set of application dates 
across the five years). With these output data, acute and longer term exposure assessments 
are performed as follows: 
 acute exposure from a single application (EXPa,s): use distribution of average re-entry 
concentrations 
 longer term exposure from a single application (EXPl,s): 
o assessment period of 1 week: use distribution of 7-day average 
concentrations 
o assessment periods of 14 days, 1 month or 3 months: apply a correction 
factor of respectively 2, 4 or 12 to adjust for the assessment period (e.g. 14 
days  EXPl,s/2) 
 longer term exposure from multiple applications (EXPl,m): apply a linear multiplier to 
correct for the number of applications and for the assessment period (e.g. 3 
applications and 14 days  EXPl,s x 3/2) 
Ultimately, a tiered approach to the exposure assessment is proposed.  The current BROWSE 
model includes only the first tier, where the sole mechanism removing the compound from 




chemical properties of the substance (e.g. vapour pressure), application data (e.g. dosage) 
and size of treated area. These parameters are entered in the assessment tab and the 
scenario tab.  
As mentioned in section 2.1.9 on DFR, the PEARL model can also be used to provide an 
estimate of the DFR. In that case, the post-processing of the DFR data takes place in an 
analogous way to the one just described for the vapour concentrations. 
 
 
2.4.2 PEARL MODEL FOR INDOOR SCENARIOS 
The PEARL model has been developed to assess the fate of PPPs in the soil-plant system 
under outdoor conditions. In the process descriptions for volatilisation, it is assumed that 
the concentration in the air above the crop is zero, so the concentration gradient is always 
the maximum possible under the prevailing meteorological conditions. In greenhouse 
systems, the concentration in the greenhouse air can be substantial after application to the 
crop and this will restrict the rate of volatilisation. Therefore, the model concepts for 
volatilisation were extended to describe volatilisation in greenhouse systems. A detailed 
description of the development of the PEARL indoor model can be found in Chapter 7. 
The PEARL indoor model describes the fate of the applied substance in the air by taking the 
following processes into account: volatilisation from the crop, transformation in the air and 
ventilation of the greenhouse air to the outside atmosphere. The effect of the 
meteorological conditions is considered by feeding hourly greenhouse climate data of 1 
week into the model (Chapter 7) 
The main output of the model is the concentration of the substance in the greenhouse air on 
an hourly basis for 1 week after the application. As the substance is assumed to be 
homogenously mixed inside the greenhouse, no specifications are required about the 
breathing height or the location of the worker inside the greenhouse. The post-processing of 
the PEARL data is done similarly to the post-processing of the PEARL-OPS output data. The 
main difference is that the post-processing will not result in a distribution of target 
concentrations but in single value for the target concentrations. This value will be: 
 The concentration in the greenhouse air for the day of re-entry averaged over the 
period from 8 a.m. to 6 p.m. 
 The long-term average concentration over 7 days after the application, again only 
taking into account the 8 a.m. to 6 p.m. working period. 
The estimation of the acute and longer term exposure from single and multiple applications 





2.4.3 GENERAL INPUTS FOR THE VAPOUR EXPOSURE MODELS 
The user can indicate if an exposure assessment is required for single or multiple 
applications. In case of multiple applications, the user can specify the number of 
applications made during the longer term assessment period. The longer term assessment 
period is the period over which the exposure is averaged in case of longer term exposure. 
The user can select from the following options in the drop-down menu: 7 days, 14 days, 1 
month and 3 months. Based on this information, the post-processing of the PEARL(-OPS) 
data will be different, as described in the previous paragraphs. 
Both the PEARL-OPS and the PEARL indoor model require information about the physic-
chemical properties of the applied substance. These properties are: the molar mass (g/mol), 
the saturated vapour pressure (Pa) and the water solubility (mg/L). For the latter two, the 
temperature at which the property was determined is also required. 
 
2.4.4 INPUTS SPECIFIC TO PEARL-OPS 
In case of outdoor scenario, the user can specify the location and the area for which the 
exposure assessment is required. For each EU zone, one or more locations have been 
selected based on the 90th percentile of the mean air temperature during the growing 
season (April – October). This approach resulted in one location in the Northern zone 
(Denmark), two locations in the Central zone (Hungary and Germany) and three locations in 
the Southern zone (Spain, Italy and Greece) (Figure 4-4). These options are available by 
means of a drop-down menu. 
The area of treated crop influences the concentration of the substance in the air: the greater 
the source size (i.e. the treated area), the higher the concentrations will be. Therefore, three 
pre-defined treated area have been implemented into the software: 200 x 200 m, 500 x 500 
m and 2000 x 2000 m. The treated area can be a single field but also a group of fields. In 
each case, it is assumed that the worker is located in the centre of the treated area. 
 
2.4.5 INPUTS SPECIFIC TO PEARL INDOOR 
Transformation of the substance in the air is not considered under default conditions. 
Therefore, the default half-life time in air is set to a high value of 1000000 days. This default 
value can be changed when the user wants to take transformation into account. 
The greenhouse ventilation rate determines the number of air changes per hour. Default 
values have been provided based on ventilation rate experiments conducted in Venlo-type 
greenhouses: 0.10 h-1 for low ventilation (only leakage losses) and 10 h-1 for high ventilation 





The greenhouse dimensions can be specified by setting the greenhouse area and volume. 
The default settings of 9600 m² and 67000 m³ are based on the definition of a small standard 
Venlo type greenhouse (see Chapter 7).  
Finally, the user can choose the timing of the application. Under default settings, it is 
assumed that the application takes place at 9 am, but this setting can be changed by the 
user to assess the effect of the timing of the application on the re-entry exposure. 
 
2.5 ABSORBED DOSES 
2.5.1 ALGORITHMS FOR ABSORBED DOSES 
The algorithms described in the previous paragraphs provide an estimate of the external 
dermal, inhalation and oral exposure. As the toxicological reference value, i.e. the AOEL, is 
expressed as the total internal (absorbed) dose available for systemic distribution from any 
route of absorption, these external exposure estimates need to be converted to a single 
internal absorbed dose. 
The total absorbed amount is the sum of the absorbed amount of dermal, inhalation and 
oral exposure. The absorbed amount for each exposure route is determined by multiplying 
the exposure estimate with an appropriate absorption factor. These absorption factors are 
user inputs and are entered in the assessment tab: 
 Dermal absorption of product (DAFp) 
 Dermal absorption of in-use dilution (DAFd) 
 Oral absorption (OAF) 
 Inhalation absorption (IAF) 
For dermal absorption, two options are available: dermal absorption of the product and 
dermal absorption of the in-use dilution. The choice of appropriate dermal absorption values 
for worker exposure is still a topic of ongoing research. Therefore, the BROWSE exposure 
model uses the approach suggested by the European Food Safety Authority (EFSA). The EFSA 
Guidance on Dermal Absorption states the following:  
“Until the outcome of the ongoing research is available and conclusions have been drawn, it 
is proposed that the appropriate dermal absorption value for exposures to dried dispersed 
residue should be the higher of the values for the concentrate and the in-use dilution.” 
(EFSA, 2012b) 
The total absorbed amount is estimated as follows: 
 
AA = 







Where: AA Absorbed amount (mg/kg body weight/d) 
 DE Total dermal exposure (µg/d) 
 DAFp/d Dermal absorption factor for product/in-use dilution (%) 
 IE Inhalation exposure (µg/d) 
 IAF Inhalation absorption factor (%) 
 OE Oral exposure (µg/d) 
 OAF Oral absorption factor (%) 
 1000 Correction factor to convert µg to mg 
 BW Body weight (kg) 
 
The estimated absorbed doses are compared with the corresponding toxicological reference 
values, which are also user inputs into the model. For chronic exposure assessments, the 
exposure values are compared with the AOEL. For acute exposure assessments, the 
estimated exposures are compared with a separate toxicological reference value, i.e. the 
acute AOEL or AAOEL (EFSA, 2010c). 
 
2.5.2 BODY WEIGHT 
The body weight of the workers is used to convert external exposure to absorbed dose. 
Since the body weight should reflect gender differences, different values were used 
according to the user input for gender (male or female). 
As default, body weight distributions, based on data from EFSA (EFSA, 2012a), are used in 
the software.  The user can however also use a constant value, based on the mean value of 
the EFSA data, or specify his/her own value. The body weight distribution parameters 
(including the mean value) are listed in Table 4-14. 
 
Table 4-14  Distribution parameters for body weight of males and females (in kg) (EFSA, 2012a). 
Gender Body weight statistics 
 Mean Standard deviation Median 5th percentile 95th percentile 
Male 82.0 13.1 82.0 63.0 105.0 
Female 67.2 12.8 66.0 50.0 90.7 
 
 
3 BROWSE SOFTWARE 
During the course of the project, several versions of the BROWSE software have been 
developed, each reflecting significant changes to the software (e.g. bug fixes or scenario 
additions). The software is a stand-alone application and runs within Java Platform SE binary. 




uses version V4.5 of the software as a guideline. 
Once the software has started, the window as shown in Figure 4-7 is visible. This window is 
the start screen and also serves as the assessment tab. Along the top of this window is a 
menu bar containing the menu items File and Help. The Calculate button is positioned in the 
top right corner. 
The number of tabs displayed is dependent on the scenario that has been selected on the 





 Worker  
 Console 
 Results – Operator 
 Results – Worker  
 Results – Resident/Bystander  
Some inputs are set to a default value when you open the software. Other inputs have no 
defaults and require an entry by the user for the model to run. Inputs that must have an 
entry (i.e. they must be non-empty or non-zero) are highlighted in red. If you click ‘Calculate’ 
without providing all the required inputs, the software will display an error message 
identifying the first missing input and open the tab that contains it. Some fields have a 
maximum allowed value and a minimum allowed value. If you enter a number that is greater 
than the maximum allowed, the field will revert to the maximum value.  If you enter a 
number that is less than the minimum allowed, the field will revert to the minimum value. 
 
3.1 ASSESSMENT TAB 
The main aim of the assessment tab is to allow the user to choose the scenario(s) for which 
an exposure assessment is needed by selecting a crop type. For each crop type, a different 
set of exposure models is available. The BROWSE software tool can be used to perform 
exposure assessments for operators, workers and bystanders/residents. The software 
contains exposure models for the following crop types:  
 arable & vegetables, 







By selecting a crop type and an application technique, the user determines the scenario(s) 
for which the exposure assessment will be performed. Table 4-15 gives an overview of the 
scenarios available in the software. 
 
In addition to selecting the scenario, the assessment tab also allows the user to enter 
generic information that can be used in the exposure assessments of all four exposed 
groups: operators, workers as well as residents/bystanders. These inputs involve: product 
information, absorption factors, inputs for calculating oral exposure and the toxicological 
reference values. An overview of the inputs can be found in Table 4-16.  
 
Table 4-15 Overview of the exposure scenarios available in the BROWSE software. 
Work Package Crop type Application technique Scenario 




Boom spraying (field crops) 
 Arable & 
vegetables 
Hand held sprayer Hand held applications – spray any 
direction 
 Orchard Vehicle mounted/drawn 
broadcast air assisted 
sprayer 
Orchard sprayers – broadcast air 
assisted 
 Orchard Hand held sprayer Orchard sprayers – hand held 
 Fruiting 
vegetables 
Hand held sprayer Hand held applications – spray any 
direction 




Any Harvesting indoor fruiting 
vegetables 
 Grapes Any Harvesting grapes 
 Orchard Any Harvesting, pruning or thinning 
orchard fruit 
 Ornamentals Any Harvesting indoor ornamentals 







Boom spraying (field crops) 
Arable & 
vegetables 
Hand held sprayer Hand held applications – 
downward spraying 
Orchard Vehicle mounted/drawn 
broadcast air assisted 
sprayer 











Table 4-16 User inputs on the assessment tab required for all exposure models. 
Input Units Default Range Notes 
Scenario 
Crop type  Arable and vegetables   
Application technique  Vehicle mounted/drawn boom 
sprayer 
  
Scenario   Boom spraying (field crops)   
Product     
Product formulation type  Liquid Liquid  
Solid 
This relates to the type of product that is diluted in water, not 
the type of application – i.e. only liquid spray applications are 
included in the model 
Concentration (active 
substance) in product 
g/L (liquid) 
g/kg (solid) 
None  Quantity of active substance in product (L/ha or kg/ha) 
Product dose L/ha (liquid) 
kg/ha (solid) 
None  Amount of product applied (L or kg) per ha 
Active substance dose g/ha None  Calculated from concentration in product and produce dose 
Exposure     
AOEL mg/kg BW/d None   
Acute AOEL mg/kg BW/d None   
Dermal absorption of product % None 0 – 100  Dermal absorption of the product 
Dermal absorption of in-use 
dilution 
% None 0 – 100  Dermal absorption of the diluted product 
Oral absorption % None 0 – 100  Absorption from ingestion exposure 
Skin-to-mouth transfer factor % 43 0 – 100  The percentage that can be removed from hands through 
contact with mouth.  Default based on data provided by WP1, 
and similar to that used in current models 
Fraction of hand area making 
contact with mouth 
% 7 0 – 100 The percentage of the hands in contact with the mouth during 
hand-to-mouth contact. Default based on assumption that only 





3.2 SCENARIO TAB 
In the scenario tab, the user is able to further specify the scenario for which the exposure 
assessment is required. In case of worker exposure, this tab contains the user inputs needed 
for the vapour exposure model (see section 2.4 of this chapter). Table 4-17 gives an 
overview of these input parameters. An example print screen of the scenario tab is given in 
Figure 4-8.  
There are two versions of the vapour exposure model. One version is used for outdoor 
exposure assessments and uses a combination of the volatilisation model PEARL and the 
dispersion model OPS to estimate vapour concentrations in outdoor air. Another version is 
used for indoor exposure assessments and uses a modified version of the PEARL model to 
predict vapour concentrations in greenhouse air. 
The combined PEARL-OPS model is shared between the worker and resident/bystander 
models to estimate inhalation exposure due to volatilisation of the substance from the crop 
after application in outdoor conditions. In contrast, the PEARL indoor model is only used for 
the worker exposure model. The additional inputs required for this indoor model (e.g. 










Table 4-17 User inputs on the scenario tab required for the vapour exposure model. 
Input Units Default Range Notes 
Environment     
Crop Height m 0.1 0.1, 0.5, 1.0, 1.5  
Wind speed at 2.0 m 
above ground 
m/s 2.5 0.5 - 10  
Number of applications     
Application type  Single  Single, multiple Indicates whether the assessment is for a single application, or a 
number of applications within a defined time period 
Applications made during 
long term exposure 
assessment period 
 1 Any, integer ≥ 1 Number of applications made 




7 d 7 d, 14 d, 1 month, 3 
months 
Time period over which longer term exposure is determined 
Vapour exposure     
Crop/ 
meteorology combination 
 Northern Northern (DK) Central (DE 
or HU), Southern (ES or IT) 
Defines the meteorological data to be used for the calculation 
Treated area m 200 x 200 200 x 200; 500 x 500; 2000 
x 2000 
Can relate to a large number of small fields that might have been 
treated with the same active substance at a similar time 
Molar mass g/mol none   
Saturated vapour 
pressure (s.v.p.) 
Pa none  Data relating to saturated vapour pressure under field conditions is 
required: data obtained on the pure active substance under laboratory 
conditions may seriously underestimate volatilisation. 
Temperature at which 
s.v.p. was measured 
°C None   
Water solubility mg/l None   
Temperature at which 
water solubility was 
measured 




3.3 WORKER TAB 
The worker tab contains all input parameters that are specific to the worker exposure 
model. These inputs allow the user to give specific information about the performed activity, 
the worker and the crop. In case of indoor exposure assessments, the user can also specify 
several parameters for the indoor vapour exposure model. An example print screen of the 
worker tab is provided in Figure 4-9 and Table 4-18 gives an overview of the user inputs on 
the worker tab. 
 
 
3.4 RESULTS TAB 
After pressing the Calculate button, the software will start to calculate the exposure 
estimates. A progress bar is shown while the worker model is running, showing an estimate 
of the time remaining to completion. Once done, an additional tab “Results – worker” will 
appear where a results table for the worker can be seen. 
On the results tab, the different model outputs, including several intermediate outputs, are 
displayed. Figure 4-10 gives an example print screen of the results tab and demonstrates 
that the results for acute as well as longer term exposure are presented in this tab. For each 
type of exposure, the following outputs are displayed on the results tab: 
 dislodgeable foliar residue, 
 dermal exposure of the hands, 
 dermal exposure of bare body parts, 
 dermal exposure of body parts covered by clothing, 
 total dermal exposure, 
 ingestion exposure, 
 inhalation exposure. 
Each of the calculated exposures are given as external exposures, absorbed doses (both in 
mg/kg bodyweight/day) and proportions of the AOEL (-). The latter is calculated by dividing 
the absorbed dose by the AOEL.  
As mentioned in the introduction of this chapter, the BROWSE software calculates 
distributions instead of point estimates of the worker exposures. The user can choose the 
required statistic from the distributions by means of a drop-down menu with the following 










Table 4-18 User inputs on the worker tab required for the worker exposure model. 
Input Units Default Range Notes 
Activity     
Activity  Harvesting Harvesting, pruning, 
thinning 
The list of available activities depends on the selected crop group. 
Source of transfer 
coefficients 
 BROWSE BROWSE, EFSA, ARTF, 
Own value 
 
Type of transfer 
coefficient 
 Based on PDE Based on PDE, based 
on ADE 
Transfer coefficients based on potential dermal exposure allow the user 
to select clothing and gloves. 
Transfer coefficient 
type 
 Separate TC for 
hands and body 
Separate or 
combined TC for 
hands and body 
 
Hands TC cm²/h See notes Any Defines the amount of contact with the crop via the hands. Defaults 
depend on selected scenario. 
Body TC cm²/h See notes Any Defines the amount of contact with the crop via the hands. Defaults 
depend on selected scenario. 
Combined TC cm²/h See notes Any Defines the amount of contact with the crop via the hands and body. 
Defaults depend on selected scenario. 
Fraction of exposure 
with hands 
% See notes 0 – 100 Defines the fraction of hand exposure/total exposure. Defaults depend 
on selected scenario. 
Fraction of exposure 
with body 
% See notes 0 – 100  Defines the fraction of body exposure/total exposure. Defaults depend 
on selected scenario. 
Re-entry interval days Constant – 
realistic worst-
case: 0 days 
0 – 6 The BROWSE/CAPEX surveys helped identifying indicative default 
values for some scenarios. 





surveys, own value 
The BROWSE/CAPEX surveys helped identifying indicative default 
values. Default value depends on selected scenario.  
Worker     




Input Units Default Range Notes 
Bodyweight kg Distribution – 
EFSA 
Distribution – EFSA, 
Constant – EFSA, 
Constant – own value 
Distributions based on EFSA data (EFSA, 2012a). Default constant value 
based on mean value from EFSA distribution. 
Breathing rate  m3/hour Distribution – 
US EPA 
Distribution – US EPA, 
Constant – US EPA, 
Constant – own value 
User can select light activity or moderate activity. Distributions based 
on EPA data, chapter 6 (U.S. EPA, 2011). Default constant value based 
on mean value from U.S. EPA distribution.  
Clothing  See notes Shorts, trousers, t-
shirts and long-
sleeved shirts 
Defaults based on BROWSE/CAPEX surveys and depend on selected 
scenario. 
Headwear  See notes None, cap Defaults based on BROWSE/CAPEX surveys and depend on selected 
scenario. 
Coverage provided by 
clothing 
% See notes 0 – 100  Defaults based on body part surface areas from U.S. EPA (2011) and 
depend on selecting clothing and headwear. User input also possible. 
Penetration factor by 
clothing 
% Constant – 
EFSA: 20% 
0 – 100 Default based on clothing penetration factors from EFSA (2010c). User 
input also possible. 






% Constant – 
EFSA: 100% 
0 – 100 Defaults based on EFSA (2010c): 5% for chemical protective gloves and 
20% for non-chemical protective gloves (cfr clothing penetration 
factor). User input also possible 
Crop     
Dislodgeable foliar 
residue (DFR) 
 Calculated by 
software 
Calculated by 
software, own value 
– basic, own value – 
advanced  
The first option allows the PEARL model to give an estimate of the DFR. 
The second option allows the user to enter a single DFR value. The third 
option allows the user to give more detailed inputs for the DFR. 
Growth stage  See notes See notes Defaults based on growth stages used in FOCUS (FOCUS, 2000) and 
depend on selected scenario. 
Crop interception ratio % See notes 0 – 100  Defaults based on FOCUS crop interception factors (FOCUS, 2000) and 
depend on selected scenario. User input also possible 




Input Units Default Range Notes 
Constant – own value 
DFR distribution type  90th percentile Mean, maximum, 
distribution, 75th, 90th 
and 95th percentile 
 
Dislodgeable Foliar 
Residue (DFR) value 
(µg/cm²)/(kg 
a.s./ha) 
3 0 – 10 Default based on 90th percentile of literature data (van Hemmen et al., 
2002). 
Dislodgeable Foliar 
Residue (DFR) value 
(µg/cm²) 
µg/cm² None Any User input or calculated by multiplying previous input with active 
substance dose (assessment tab).  
Greenhouse (only for indoor scenarios): see section 2.4.5 
Half-life time in air d 1000000 0.10 – 1000000 In the default scenario, degradation of the substance in the air is not 
considered. This is achieved by setting an extremely high default half-
life time. 
Ventilation rate in air h-1 Low: 0.1 h-1 0.01 – 500 Defaults available for low and high ventilation based on ventilation rate 
measurements in Venlo type high-technology greenhouses. User input 
also possible. 
Glasshouse area m² 9600 100 – 25000 Default based on dimensions of ‘standard greenhouse’. 
Glasshouse volume m³ 67000 1000 – 200000 Default based on dimensions of ‘standard greenhouse’. 















AN IN-DEPTH ANALYSIS OF TRANSFER COEFFICIENTS 
 
 
This chapter focuses on transfer coefficients, a crucial element for estimating dermal 
exposure. After a brief introduction and some historical background, the chapter proceeds 
with explaining how transfer coefficients are determined and used in current risk 
assessments. Finally, an up-to-date literature search was performed and updated transfer 
coefficients were calculated from the identified data. These updated values were 
implemented into the BROWSE software. 
 
1 INTRODUCTION 
The use of PPPs generally results in a contamination of the different environmental 
compartments of the treated area: soil, water, air and vegetation. The PPP residue left on 
the crop after application is an example of such a contamination. Re-entry workers come 
into contact with this residue during re-entry activities such as harvesting. During this 
contact, residue is transferred from the crop to the worker, exposing the worker to the 
substance after its application. In the past, many studies have been dedicated to 
investigating worker re-entry exposure (Brouwer et al., 1992d; Kangas et al., 1993; Schipper 
et al., 1998b). Instead of performing field studies, re-entry exposure can also be estimated 
with exposure models. These models assume that the level of exposure depends on the 
intensity of the contact with the treated foliage, the amount of residue present on the 
foliage and the duration of the re-entry activity. In these models, the amount of residue on 
the foliage is expressed as the dislodgeable foliar residue (or DFR) and transfer coefficients 
are used as a measure for the intensity of the contact with the foliage. This chapter focuses 
on transfer coefficients and aims at: 1) providing a theoretical background on transfer 
coefficients and 2) describing how new default values for transfer coefficients were 
proposed based on an up-to-date literature search. 
 
2 HISTORICAL BACKGROUND 
The issue of worker re-entry exposure to PPPs was first raised in reports describing the 
health effects observed in workers performing re-entry tasks such as harvesting. As early as 
the fifties, worker re-entry exposure has been attributed to contact with the residues 
present on the crop (Quinby & Lemmon, 1958). However, it wasn’t until the seventies before 
researchers attempted to quantify the relationship between PPP foliar residue and worker 




entry intervals (Ware et al., 1974; Ware et al., 1975; Ware et al., 1973). In 1975, Serat et al. 
published a paper linking foliar residue of organophosphates to the loss of blood 
cholinesterase activity. Although this was a first step towards worker risk assessment, the 
authors neglected important exposure determinants such as the type of crop and activity 
and the resulting level of contact. Around the same period, Popendorf was the first to 
develop a conceptual model describing the relationship between PPP application and 
worker’s response (Popendorf & Spear, 1974). The model described how a PPP application 
results in an initial foliar deposit. During the re-entry interval, part of the deposit dissipates 
resulting in a lower residue level. At the time of re-entry, transfer of the remaining residue 
from the crop to the worker takes place. Finally, this external exposure is (partially) 
absorbed into the body where it can have a toxic effect.  
Popendorf and his colleagues tried validating this conceptual approach with exposure 
studies on peach and citrus harvesters. These data provided a first indication of a correlation 
between foliar PPP residues and dermal exposure rates (Popendorf, 1980; Popendorf et al., 
1979). This finding was the starting point for the paper of Popendorf & Leffingwell in 1982. 
In this paper, the authors tried to quantify this relationship by defining a crop- and task-
specific dosing coefficient ‘kd’. Using the data from the previous studies on citrus and peach 
harvesters, they were the first to calculate this dosing coefficient as the ratio between the 
dermal dose rate and the dislodgeable foliar residue. In 1983, Zweig et al. introduced the 
term ‘transfer coefficient (TC)’ to refer to this ratio. The term ‘transfer coefficient’ is now 
widely used in worker exposure modelling to describe the transfer of a PPP from the treated 
crop to the workers’ skin or clothing. 
 
3 THE USE OF TRANSFER COEFFICIENTS 
3.1 USE OF TRANSFER COEFFICIENTS TO ESTIMATE WORKER EXPOSURE 
In 1984, Zweig et al. suggested that transfer coefficients could be used to estimate worker 
exposure. This approach would only require a suitable transfer coefficient and a 
measurement of the dislodgeable foliar residue level, hence eliminating the need to perform 
expensive and time-consuming human exposure studies. To this purpose, the researchers 
combined the transfer coefficient data from the available exposure studies and calculated an 
average value from these data. They proposed to use the resulting value of 5000 cm²/h to 
estimate the dermal exposure of re-entry workers. In a later publication, more data were 
added to this analysis which resulted in a generic transfer coefficient of 7840 cm²/h (Zweig 
et al., 1985). The approach was based on reasonable assumptions, but didn’t consider 
important parameters such as the differences between crops and activities or the dermal 
exposure sampling method. 




combination of a crop group and a re-entry activity, as already suggested by Popendorf & 
Leffingwell in 1982. A transfer coefficient is defined as a measure for the amount of contact 
with the treated crop and is usually expressed as cm² of leaf surface area per unit of time. 
Together with the DFR and the duration of the task, transfer coefficients provide a way of 
estimating the dermal exposure of workers, by applying Equation 2 (Chapter 3). 
Transfer coefficients are not considered to be dependent on formulation type, method of 
application and mode of toxicity, but they are considered to be specific for each crop/activity 
combination (e.g. harvesting of fruiting vegetables). This means that a different transfer 
coefficient is needed for each scenario for which a dermal exposure assessment needs to be 
performed. By comparing the dermal exposure estimate with the toxicological reference 
value, a risk assessment can be performed for each scenario.  
 
3.2 DETERMINATION OF TRANSFER COEFFICIENTS 
A transfer coefficient is a measure for the amount of contact between the crop and the 
worker, expressed in cm² per hour. The amount of contact depends on the type of crop and 
the type of task. A transfer coefficient can thus be considered as scenario-specific. However, 
transfer coefficients cannot be measured directly, but are derived from exposure studies 
during which both the dermal exposure and the dislodgeable foliar residue are measured. 
From these experimental data, transfer coefficients are determined by dividing the 
measured dermal exposure level with the dislodgeable foliar residue (Equation 4, Chapter 3). 
This implies that high-quality data on dermal exposure and dislodgeable foliar residues are 
needed before transfer coefficients can be generated.  
 
3.3 ISSUES CONCERNING THE DETERMINATION OF TRANSFER COEFFICIENTS 
Several issues arise from the indirect way of determining transfer coefficients from 
literature. The type and extent of the exposure measurements are two important factors 
that influence how the resulting transfer coefficients should be interpreted. Furthermore, 
the method of calculating and reporting the transfer coefficient data and DFR data should 
also be considered when generating transfer coefficients from these data. Each of these 
issues is addressed in more detail in the following sections.  
 
3.3.1 TYPE OF EXPOSURE MEASUREMENTS 
When using a transfer coefficient, it is important to consider which dermal sampling 
methods were applied because each method requires a different interpretation of the 
resulting exposure data and the transfer coefficients. Although each method may – in its 
own way – result in an under- or overestimation of the exposure (see Chapter 1), the 




resulting transfer coefficients. The placement of the dosimeters determines whether actual 
or potential exposure is measured. The difference between actual and potential exposure 
has been discussed in Chapter 1 (Figure 1-4). 
Potential exposure is measured by attaching the patches to the outside of the workers’ 
clothing or by wearing the whole body dosimeters over the clothing. By placing the sampling 
media (patches or whole body dosimeters) underneath the normal clothing, actual exposure 
can be determined instead of potential exposure. The same rationale is valid for hand 
exposure. Sampling gloves worn over the workers’ gloves provide an estimation of the 
potential exposure, whereas gloves worn underneath allow the actual exposure to be 
determined. Hand washes provide an estimate of the actual exposure. As re-entry workers 
usually don’t wear any gloves, exposure measured with hand washes can also be considered 
as the potential exposure.   
Consequently, the type of exposure measurements – and more specifically the placement of 
the dosimeters – defines whether the transfer coefficient is representative of actual or 
potential exposure. When compiling transfer coefficients from different data sources, 
transfer coefficients based on both types of measurements can be found. These data cannot 
and should not be evaluated together because they represent different types of exposure. 
When possible, transfer coefficients based on potential exposure should be used to generate 
generic transfer coefficients because these TCs have several advantages over those based on 
actual exposure: 
 Potential exposure TCs are more representative of contact with the foliage because 
the dermal exposure measurements are taken outside of the clothing. 
 Potential exposure TCs are – in theory – less variable than actual exposure TCs 
because clothing penetration, which may in its turn be influenced by the formulation 
type and the type of clothing, is not a source of additional variability.  
 Potential exposure TCs can be used in combination with any generic clothing 
migration factor to demonstrate the effect of different types of clothing or personal 
protective equipment. 
 
3.3.2 EXTENT OF EXPOSURE MEASUREMENTS 
When carrying out an exposure study, researchers may decide not to sample the entire body 
of the workers if the exposure is considered to be limited to the sampled part of the body. 
For example, Brouwer et al. (1992a; 1992b; 1992c) used cotton gloves which covered the 
hands and the forearms when measuring the exposure of workers involved in cutting, 




monitored as these parts were assumed not to make contact with the crop during the re-
entry activities. The use of transfer coefficients based on partial exposure measurements to 
extrapolate the estimated exposure to other scenarios requires careful consideration. Their 
use may result in an underestimation of the total exposure for scenarios where the exposure 
is not limited to these body parts. Furthermore, the correct interpretation of the transfer 
coefficient and the resulting exposure estimate may be lost when reference to the original 
publication or report is no longer available. 
 
3.3.3 CALCULATION AND REPORTING OF THE TRANSFER COEFFICIENT DATA 
Re-entry workers often work with bare hands, whereas the body is typically covered with at 
least one layer of clothing. To take account of the different levels of protection of the hands 
and the body, separate transfer coefficients for the body and the hands are required to 
allow the exposure of the body and the hands to be calculated separately. As body and hand 
exposure are often measured with different sampling techniques (e.g. gloves for the hands 
and patches for the body), separate transfer coefficients for hand and body exposure can – 
in theory – be calculated from the exposure data. However, in many cases, only transfer 
coefficients for the total exposure are reported, so information about the distribution of the 
exposure between the hands and the body is lost.  
Transfer coefficient data can be reported in two ways: either as single values or as summary 
statistics. Single values are data which can be traced back to one individual performing a 
single task in a single crop for a given duration. Summary statistics provide a summary of 
single value data and are usually reported as an average value with possibly a standard 
deviation. The single value data are more valuable because these give more information 
about the variability of the data then a summary statistic such as an average does. As the 
number of data on transfer coefficients is already very limited, it is unfortunate that valuable 
information is lost because the data have been summarized into a single statistic.  
   
3.3.4 CALCULATION OF THE DFR 
The dislodgeable foliar residue is determined by taking samples of either leaf circles or 
whole leaves. In both cases, the leaf surface area of the sample should be determined. The 
basis for determining this leaf surface area can however be single-sided or double-sided. The 
result is a difference of a factor 2 between single-sided and double-sided DFRs. As transfer 
coefficients are determined by dividing the dermal exposure with the dislodgeable foliar 
residue, a transfer coefficient based on a double-sided DFR is twice as high as one based on 
the corresponding single-sided DFR. As a result, transfer coefficients based on single-sided 
DFR are ideally used in combination with single-sided DFRs. Otherwise, the exposure may be 




When combining or comparing transfer coefficients from different sources, a recalculation of 
some transfer coefficients can be performed to ensure that all transfer coefficients are 
calculated in a consistent way. Such a recalculation is however not always possible. The 
information on whether the reported transfer coefficients are based on single- or double-
sided DFRs is often lacking or unclear, despite the recommendation made by Popendorf, as 
early as 1977, to clearly indicate in future literature upon which basis the leaf surface area is 
calculated to avoid unjustified comparisons. Due to this lack of information, transfer 
coefficients based on single- and double-sided DFRs are used as if they are interchangeable. 
As this issue cannot be addressed, it is likely to contribute to the variability observed in the 
available data across and within the different scenarios.  
 
4 THE BROWSE TRANSFER COEFFICIENT DATABASE 
4.1 CONSTRUCTION OF THE DATABASE 
In the past, several attempts have been made to compile transfer coefficients from different 
data sources to generate generic transfer coefficient values for use in exposure assessments. 
Currently, the two most important databases are the EUROPOEM database and the U.S. EPA 
database. The EUROPOEM database is based on data from open literature, whereas the U.S. 
EPA database was established using data collected by the ARTF task force. The European 
Food Safety Authority (EFSA) has proposed a set of transfer coefficients based on and 
modified from the EUROPOEM and U.S. EPA databases in their recent draft guidance on 
pesticide exposure assessment of operators, workers, residents and bystanders (EFSA, 
2014b). 
 
A BROWSE TC database was set up to gather the available transfer coefficient data. The 
development of this database roughly consisted out of two parts. The first part was an 
overview of the currently available transfer coefficients and included the transfer 
coefficients used by EUROPOEM, the U.S. EPA and EFSA. The second part was an up-to-date 
literature search aimed at gathering all available open and grey literature data from which a 
new set of transfer coefficients could be determined. As the EUROPOEM and U.S. EPA 
databases have already been described in Chapter 3, only the literature search is described 
in detail in this chapter. 
 
4.2 METHODOLOGY 
4.2.1 LITERATURE SEARCH 
Several possible sources of relevant open and grey literature were identified and checked for 
data on transfer coefficients or dermal exposure and DFR data from which transfer 




exposure data database, which was developed during the course of the project by means of 
extensive literature searches. In addition, a search of the CAB Abstracts database was carried 
out by the Fera Information Centre aimed specifically at identifying papers on transfer 
coefficients. The CAB database is a bibliographic information service providing access to the 
applied life sciences literature, including literature on agriculture and environment. The 
identified papers were cross-referenced to identify any additional relevant studies. All 





Figure 5-1 Acceptance criteria used for the BROWSE transfer coefficient database. 
 
CRITERIA 1: WORKER EXPOSURE DATA? 
The study had to address worker exposure due to activities involving contact with a treated 
crop. Studies in which contact with a contaminated surface occurs as a result of a non-
worker activity were not considered further. Examples of such activities include contact with 
the contaminated spraying equipment during cleaning operations (operators) or contact 










ADEQUATE DESCRIPTION  






















CRITERIA 2: TRANSFER COEFFICIENT DATA? OR EXPOSURE AND DFR DATA? 
There were two possible options: [1] transfer coefficients were already calculated and 
reported in the study or [2] transfer coefficients could be calculated from the reported 
exposure and DFR data. In any case, the underlying exposure and DFR data had to be 
available to check the reported transfer coefficients in case of option [1] or to calculate the 
transfer coefficients in case of option [2]. In case of option [1], the transfer coefficients were 
preferably reported at the level of individual measurements, although summary statistics 
were also included in the database when individual transfer coefficients were not available 
or could not be calculated. In case of option [2], separate transfer coefficients for the hands 
and the body were calculated at the level of individual measurements whenever possible.  
CRITERIA 3: CONTEXTUAL INFORMATION AVAILABLE? 
As transfer coefficients are considered to be specific for each crop group-task combination, 
the study had to contain at least a good description of the crop type (e.g. orchard fruit) and 
the task performed by the worker during the study (e.g. harvesting). Information on other 
parameters such as application rate and re-entry interval was also important. A case-by-case 
evaluation was made to determine if a paper had enough contextual information to provide 
a clear picture of the circumstances of the experiment. 
CRITERIA 4: ADEQUATE DESCRIPTION OF STUDY DESIGN? 
Each paper had to clearly describe the experimental set-up. This included information on the 
country where the experiment was conducted, the environmental conditions, etc. In 
addition, the monitoring methods used to determine the exposure and DFR data had to be 
described or a reference to another published method should have been made.  
 
4.2.2 DEVELOPMENT OF THE BROWSE TRANSFER COEFFICIENT DATABASE 
To ensure consistency throughout the project, the BROWSE transfer coefficient database 
had a similar structure as the BROWSE exposure data database, which was in its turn based 
on the EUROPOEM database.  
 
The overall structure of the transfer coefficient database is as follows: 
- PART 1. Scenario codes: In this part of the database, a scenario code was assigned to 
each of the BROWSE priority scenarios. These codes were used throughout the entire 
database to categorize the available data per exposure scenario.    
- PART 2. Literature data: This part of the database contains all information about the 
literature search described above. It consists out of 3 work sheets. A first worksheet 
contains a list of all the identified literature, including the decision on inclusion or 




reason for exclusion was clearly documented in a second worksheet. If the study was 
found to be acceptable, the reported and/or calculated transfer coefficient data were 
entered in the last worksheet. A second reviewer checked the decision process as 
well as the data entered in the database. Any disagreements were discussed 
between the reviewers and ambiguities were reported as remarks. 
- PART 3. U.S. EPA data: The U.S. EPA transfer coefficient data, including the underlying 
ARTF data, were included in this part of the database.  
- PART 4. EUROPOEM data: The EUROPOEM transfer coefficient data are presented 
here. 
- PART 4. EFSA: This part of the database contains the transfer coefficients proposed 
by EFSA in their recent draft guidance on exposure assessments for B, R, O, W.  These 
transfer coefficients are based on and modified from the U.S. EPA and EUROPOEM 
transfer coefficients. 
 
4.3 DATA AVAILABILITY FOR THE BROWSE PRIORITY SCENARIOS 
4.3.1 AVAILABLE DATA FOR THE BROWSE PRIORITY SCENARIOS 
The literature search resulted in a total of 35 studies of acceptable quality. These studies 
were used to populate the BROWSE transfer coefficient database and covered a wide range 
of crops and activities. Analysis of the available data focused on the BROWSE priority 
scenarios, described in Chapter 3. For three of these priority scenarios, no relevant studies 
could be found: pruning of orchard fruit, pruning of grapes and thinning of grapes. For the 
other scenarios, the number of available studies was variable: 
- harvesting of orchard fruit: 7 studies, 
- harvesting of grapes: 1 study, 
- harvesting of indoor ornamentals: 6 studies, 
- harvesting of indoor fruiting vegetables: 3 studies, 
- harvesting of soft fruit (other than grapes): 5 studies, 
- thinning of orchard fruit: 1 study. 
Table 5-1 gives an overview of the 23 studies that contained relevant data for the priority 
scenarios. To allow a comparison between the BROWSE and EUROPOEM databases, the 
BROWSE study reference as well as the corresponding EUROPOEM study reference is given 
in the table. Detailed summaries of the studies are available in Appendix A.   
In addition to the studies identified during the BROWSE literature search, some of the ARTF 
exposure studies were also relevant for the BROWSE exposure scenarios. Table 5-2 identifies 
these studies and indicates in which clusters of the U.S. EPA database these studies were 




Table 5-1 Overview of the studies from open and grey literature concerning the priority scenarios. 
Scenario Reference BROWSE ID EUROPOEM ID 
Harvesting of orchard fruit Nigg et al., 1984 U114 1 
 Spencer et al., 1993 U112 5 
 Schneider et al., 1990 U124 6 
 Stamper et al., 1986 TC01 4 
 Spencer et al., 1991 TC04 2 
 Popendorf et al., 1979 TC15-A Not included 
 Vercruysse, 2000 U127 Not included 
Harvesting of grapes O'Connell et al., 1993 TC20 Scenario not included 
Harvesting of ornamentals Brouwer et al., 1992d T036 7 
 van Hemmen et al., 1992 U0931 Partially included in 81 
 de Haan et al., 1996 T059 Not included 
 Veerman et al., 1994 T196 Not included 
 Kirknel et al., 1997 TC06 10 
 Schneider et al., 2002 U100 Not included 
Harvesting of fruiting 
vegetables 
Schipper et al., 1998b T170 9 
LAB, 2010b SP02 Not included 
LAB, 2010a SP03 Not included 
Harvesting of soft fruit  
(other than grapes) 
Lanning et al., 1998 U022 Not included 
Bradman et al., 2009 TC02 Not included 
 Zweig et al., 1984 TC05 3 
 Zweig et al., 1983 TC12 Not included 
 Zweig et al., 1985 TC16 Not included 
Pruning of orchard fruit None identified Scenario not included 
Thinning of orchard fruit Spencer et al., 1993 U112 Scenario not included 
Pruning of grapes None identified Scenario not included 
Thinning of grapes None identified Scenario not included 
1
Study U093 of the BROWSE TC database contained data which were partially included in study no. 8 (Brouwer 





Table 5-2 Overview of the ARTF studies concerning the priority scenarios. 
Scenario Cluster Description Study ID 







Harvesting of grapes THtg (EPA) Hand harvesting of table grapes AR1020 
AR1022 
THjg (EPA) Hand harvesting of wine grapes ARF048 
Harvesting of ornamentals GHf  Hand harvesting of greenhouse floriculture crops ARF055 
Harvesting of fruiting veg SH Hand harvesting of smooth-leaf field crops AR1023 
HH Hand harvesting of hairy-leaf field crops ARF045 
  ARF049 
Harvesting of soft fruit SH Hand harvesting of smooth-leaf field crops AR1001 
  AR1024 
THb/GHv Hand harvesting of trellis crops/ 
Hand harvesting of greenhouse vegetables 
ARF020 
Pruning of orchard fruit OP Hand pruning and scouting of orchard crops ARF033 
  ARF047 
Thinning of orchard fruit OT (EPA) Thinning of orchard crops AR1003 
Pruning of grapes Not included1 
Thinning of grapes Not included 
1For pruning of grapes, the U.S. EPA proposes to use the transfer coefficient of cluster TP (hand 
pruning and scouting of trellis crops) which is based on a study on scouting of table grapes.   
 
From the ARTF studies and the studies identified during the BROWSE literature search, 
transfer coefficients were extracted and/or calculated and entered into the BROWSE 
transfer coefficient database. Table 5-3 gives an overview of the available transfer 
coefficient data for each priority scenario. The values in this table represent the number of 
available transfer coefficient data with the number of studies between brackets. The green 
and orange highlights indicate which data were used to generate the BROWSE transfer 
coefficients. Transfer coefficients based on potential dermal exposure (in green) were 
preferably used, but transfer coefficients based on actual dermal exposure (in orange) were 




Table 5-3 Available transfer coefficient data for the BROWSE priority scenarios. Values represent number of transfer coefficients and the number of studies 
is given between brackets. 
Scenario ARTF database BROWSE literature search 
  Hands & body Hands Body Hands & body 
  Actual Potential Actual = potential Actual Potential Actual Potential Actual 
Harvesting orchard fruit 111 (7) 18 (3) 77 (4)  80 (4) 20 (3)  16 (1) 
Harvesting grapes 35 (3)  51 (1)   51 (1)   
Harvesting indoor ornamentals 31 (1) 58 (5)  17 (1) 2 (1) 17 (1)   
Harvesting indoor fruiting vegetables 49 (3) 64 (3)   64 (3) 14 (1)   
Harvesting soft fruit (other than grapes) 45 (3) 31 (3) 34 (2) 1 (1)  59 (4)   
Pruning orchard fruit 30 (2)        
Thinning orchard fruit 20 (1)       1 (1) 
Pruning grapes         
Thinning grapes         
Empty cells indicate that no data are available.   




4.3.2 PLOTS OF THE AVAILABLE DATA 
For each priority scenario, a separate plot was made to illustrate the available transfer 
coefficient data from the BROWSE literature search as well as the ARTF database. Due to the 
large variability observed in the data, the transfer coefficient data were plotted on a 
logarithmic scale. To allow an easy comparison between scenarios, all plots were made on 
the same x-scale (from 1 to 106).  
As the studies identified during the literature search all have different experimental set-ups 
and were conducted according to different guidelines (see Appendix A), the resulting 
transfer coefficients also represent a wide range of exposure types (actual, potential, hand, 
body or combined exposure). In the plots, a distinction was made between transfer 
coefficients for the hands and for the body and combined transfer coefficients (hands and 
body). Different symbols were used for data based on potential and actual exposure and for 
single values and summary statistics (Figure 5-2). 
 
In contrast to the studies from open and grey literature, the ARTF exposure studies were all 
conducted according to the same procedure, allowing the transfer coefficients to be 
calculated in the same way. As a result, the ARTF transfer coefficients all represent the same 
type of exposure, i.e. total actual exposure. 
 
  
Figure 5-2 Legend for the transfer coefficient figures. 
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HARVESTING OF ORCHARD FRUIT 
 
 
Figure 5-3 BROWSE transfer coefficients for harvesting of orchard fruit. 
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HARVESTING OF GRAPES 
 
 
Figure 5-4 BROWSE transfer coefficients for harvesting of grapes. 
  
HARVESTING OF INDOOR ORNAMENTALS 
 
  
Figure 5-5 BROWSE transfer coefficients for harvesting of indoor ornamentals. 
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HARVESTING OF INDOOR FRUITING VEGETABLES 
 
 
Figure 5-6 BROWSE transfer coefficients for harvesting of indoor fruiting vegetables. 
 
HARVESTING OF SOFT FRUIT (OTHER THAN GRAPES) 
 
 
Figure 5-7 BROWSE transfer coefficients for harvesting of soft fruit (other than grapes). 
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 PRUNING OF ORCHARD FRUIT 
 
 
Figure 5-8 BROWSE transfer coefficients for pruning of orchard fruit. 
 
THINNING OF ORCHARD FRUIT 
 
 
Figure 5-9 BROWSE transfer coefficients for thinning of orchard fruit. 
 
 
4.4 RESULTS AND DISCUSSION OF THE GENERIC TRANSFER COEFFICIENTS FOR THE BROWSE PRIORITY 
SCENARIOS 
From the available transfer coefficient data, generic transfer coefficients were calculated 
using a similar approach as the one used by the EUROPOEM consortium (van Hemmen et al., 
2002). For each priority scenario, transfer coefficients based on potential exposure data 
were used to determine generic transfer coefficients. Separate transfer coefficients were 
calculated for the hands and the body and transfer coefficients for total exposure (hands + 
body) were calculated by summing these up. Rounded values of the 90th percentiles were 
used for the smallest datasets (n < 30) and rounded values for the 75th percentiles for the 
largest datasets (n > 30). Transfer coefficients for actual body exposure were derived from 
the transfer coefficients for potential body exposure by assuming that worker clothing 
provides a tenfold reduction of the exposure (EFSA, 2014b; van Hemmen et al., 2002). For 
the hands, it was assumed that workers work bare-handed and the actual exposure was 
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hence the same as the potential exposure. The transfer coefficients for total actual exposure 
are therefore representative of a worker with bare hands and a single layer of work clothing.  
 
In some cases, the data availability didn’t allow this standard procedure to be followed and 
deviations from this procedure were needed (Table 5-3). In the following paragraphs, the 
procedures used to determine the BROWSE transfer coefficients are described and any 
deviations from the standard procedure are discussed. 
 
4.4.1 HARVESTING OF ORCHARD FRUIT 
The literature search resulted in seven papers or reports with relevant data on harvesting of 
orchard fruit. A summary of the data collected from these papers is given in Table A-1 of 
Appendix A. No recent data could be found in literature: all identified data were published 
between 1979 and 2000. The summary shows that there was much variation in the 
conditions of the experiments. Active substances, application rates, crops and re-entry 
intervals varied within and across publications. More important, different sampling 
techniques were used to determine the dislodgeable foliar residue and dermal exposure. 
Whole leaf samples (U127) as well as leaf punch samples (U124, U112, TC01, TC04, U114, 
TC15) were used to determine the dislodgeable foliar residue. Dermal exposure was 
monitored with either the patch method (U127, TC01, U114, TC15) or with the whole body 
dosimetry method (U112, U124, TC04). 
The 75th percentile of the transfer coefficients for potential hand exposure (n = 95) was 
approximately 1500 cm²/h, whereas the 75th percentile of the transfer coefficients for 
potential body exposure (n = 80) was approximately 21800 cm²/h. The sum of these transfer 
coefficients amounted to a transfer coefficient of 23300 cm²/h for total potential exposure. 
By assuming that workers work barehanded (TChands = 1500 cm²/h) and that clothing 
provides a tenfold reduction of the body exposure (TCbody = 2200 cm²/h), a transfer 
coefficient of approximately 3700 cm²/h could be calculated for total actual exposure. Table 
5-4 gives an overview of these transfer coefficients. 
For the purpose of comparison, the EUROPOEM and U.S. EPA transfer coefficients were also 
added to Table 5-4. A comparison between the BROWSE TC and the corresponding U.S. EPA 
TC for harvesting of orchard fruit shows that the U.S. EPA TC (1400 cm²/h) is considerably 
lower than the BROWSE TC (3700 cm²/h) although still within the same order of magnitude. 
This difference can partially be explained by the use of a different percentile (arithmetic 
mean versus 75th percentile). Since detailed reports on the ARTF studies are not publicly 
available, it is difficult to investigate if and which other factors (such as the cropping system 
and the type of clothing) contributed to the difference between the BROWSE and U.S. EPA 
TCs.   




cm²/h) is lower than the one proposed by EUROPOEM (2500 cm²/h). In contrast, the 
BROWSE TC for body exposure (21800 cm²/h) is slightly higher than the EUROPOEM TC 
(20000 cm²/h), even though the EUROPOEM TC is based on a more conservative percentile 
(90th percentile) than the BROWSE TC (75th percentile). Two important factors contributed to 
these differences: 1) the BROWSE and EUROPOEM TCs are based on different (albeit 
partially overlapping) datasets and 2) the exposure data have been interpreted differently in 
the BROWSE and EUROPOEM database.  
Table 5-1 shows that the following papers were also identified by the EUROPOEM 
consortium: U114 from Nigg et al. (1984), TC01 from Stamper et al. (1986), U124 from 
Schneider et al. (1990), TC04 from Spencer et al. (1991) and U112 from Spencer et al. (1993). 
The BROWSE partners identified two additional studies: U127 from Vercruysse (2000) and 
TC15 from Haskell (1995) based on data from Popendorf et al. (1979). Even though the 
transfer coefficients for hand exposure from these additional studies were at the higher end 
of the TC range (Figure 5-3), the BROWSE TC for hand exposure was lower than the 
EUROPOEM TC. In contrast, the transfer coefficients for potential body exposure data from 
Vercruysse (2000) were situated in the middle of the TC range, but still the 75th percentile of 
the BROWSE data was higher than the 90th percentile of the EUROPOEM data. This suggests 
that a different interpretation of the data was more important than the differences between 
the databases.  
Many of the transfer coefficient data in the BROWSE database were calculated from the 
exposure and DFR data reported in the studies. This step was necessary because the transfer 
coefficients were often reported as summary statistics or as combined transfer coefficients 
for hands and body. This process however requires a substantial interpretation of the 
reported exposure and DFR data. To minimize errors due to a misinterpretation of the data, 
the data in the BROWSE transfer coefficient database were double-checked by a second 
reviewer. The interpretation of the data within the BROWSE project may however still be 
different than the one given by the EUROPOEM partners. As neither the EUROPOEM 
database itself nor the underlying calculations have been made publicly available, it is 
difficult to verify which assumptions were made while entering the exposure and DFR data 
into the database and calculating the corresponding transfer coefficients. However, there 
are some indications that the way of interpreting the data may indeed contribute to the 
difference observed between the BROWSE and EUROPOEM TCs. The EUROPOEM re-entry 
report states that the database for potential body exposure was small, but without reporting 
the exact number of data points (van Hemmen et al., 2002). In contrast, 80 data points from 
4 individual studies (U114, U124, TC04 and U127) were identified in the BROWSE database 
(Figure 5-3). This was further investigated by comparing Figure 5-10 (plot of the EUROPOEM 
data) and Figure 5-3 (plot of the BROWSE data). Closer inspection of these figures reveals 
that the body exposure data from papers U124 and U114 were considered to represent 




exposure by BROWSE. In paper U124 (Schneider et al., 1990), long-sleeved undershirts were 
used to monitor the dermal exposure of workers engaged in harvesting nectarines. The 
authors report that nothing was worn over or under the provided undershirt due to the 
extreme high temperatures on that work day. However, the term “undershirt” is misleading 
as it suggests that the dosimeter was worn underneath the regular clothing and therefore 
represents actual exposure. The exposure data reported in U114 (Nigg et al., 1984) are also 
ambiguous because the researchers used exposure pads attached to the inside of cotton 
shirts to monitor upper body exposure (actual exposure) and exposure pads taped outside 
the work clothing to monitor lower body exposure (potential exposure). The resulting 
exposure data are therefore a mix of actual upper body exposure data and potential lower 
body exposure data. In the BROWSE database, the upper body exposure data were 
therefore recalculated to represent potential exposure data by assuming that the clothing 
provided an exposure reduction of about 90%, as proposed by Stamper et al. (1986). This 
emphasizes that the interpretation of the data and the assumptions made while calculating 
transfer coefficients from different data sources clearly influence the resulting generic 
transfer coefficients.  
 











Hands 1500A 1500 2500A 2500  
Body1 21800A 2200 20000B 2000  
Total 23300A   3700 22500A 4500 1400C 
1 
The term body includes the torso, the arms, the legs, the feet and the head. 
A = 75
th
 percentile; B = 90
th








Figure 5-10 EUROPOEM transfer coefficients for hand exposure (top) and body exposure (bottom) 
(van Hemmen et al., 2002). 
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4.4.2 HARVESTING OF GRAPES 
During the literature search, only one study about harvesting of grapes was found to meet 
the acceptance criteria. In this extensive study by O'Connell et al. (1993) alcohol wipes were 
used to determine hand and face exposure and a combination of whole body dosimetry and 
patches were used to determine body exposure. A more detailed summary of the study can 
be found in Table A-2 of Appendix A. The data have also been plotted in Figure 5-4. 
As there are no other known studies on harvesting of grapes, transfer coefficients for hand 
and body exposure were generated from this single study. The 75th percentile of the 
transfer coefficients for hand exposure (n = 51) amounted to approximately 1200 cm²/h. For 
body exposure, only transfer coefficients based on actual exposure are available. The 75th 
percentile of these values (n = 51) gives a transfer coefficient of about 1200 cm²/h. As there 
are no data available for potential exposure, an indicative transfer coefficient of 12000 
cm²/h was calculated by assuming that the clothing worn during the study provided an 
exposure reduction of 90%. Due to this indirect way of calculating, the transfer coefficients 
for potential body exposure should be used with caution. By adding up the transfer 
coefficients for hand and body exposure, transfer coefficients of 13200 and 2400 cm²/h 
were calculated for respectively total potential exposure and total actual exposure.  
 
Since EUROPOEM doesn’t provide generic transfer coefficients for harvesting of grapes, no 
comparison can be made between the BROWSE and EUROPOEM TCs. The U.S. EPA on the 
other hand gives two transfer coefficients for this scenario: one for wine grapes (10100 
cm²/h) and one for table grapes (5500 cm²/h). Both transfer coefficients were calculated as 
the arithmetic mean of actual exposure data. The distinction between wine grapes and table 
grapes was made after a statistical and visual comparison of the data confirmed the initial 
assumption that wine grapes may result in a higher exposure (see Figure 5-11) (U.S. EPA, 
2009). Wine grapes are grown in vertical trellises to allow maximum grape exposure to the 
sun, whereas table grapes are grown in trellis systems which allow the grape clusters to 
hang independently to avoid contact with other clusters, stems or leaves (Puckette, 2012). 
As a result, harvesting of wine grapes would require considerably more contact with the 
treated crop than harvesting of table grapes. Following this rationale, the BROWSE TC may 
only be representative for harvesting of table grapes as the study of O'Connell et al. (1993) 
was carried out in table grapes (Red Emperor grapes).  A comparison between the BROWSE 
TC (2400 cm²/h) and the U.S. EPA TC (5500 cm²/h) for table grapes shows that both transfer 
coefficients are within the same order of magnitude, although the BROWSE TC is clearly 
lower. 
 
Until more data become available, the BROWSE transfer coefficients for harvesting of grapes 
should be handled with care as the transfer coefficients were based on a single study which 




proposed transfer coefficients and to investigate whether a distinction between table grapes 
and wine grapes, as proposed by the U.S. EPA, is useful. 
 
 
Figure 5-11 ARTF transfer coefficient data for harvesting of table/raisin grapes and wine grapes 
(adapted from Crowley et al., 2008). 
 











Hands 1200A 1200A NA NA  
Body1 12000E 1200A NA NA  
Total 13200A   2400A NA NA wine: 10100C 
table: 5500C 
1 
The term body includes the torso, the arms, the legs, the feet and the head. 
A = 75
th
 percentile; C = arithmetic mean; E = calculated from actual exposure TC; NA = not available. 
 
 
4.4.3 HARVESTING OF INDOOR ORNAMENTALS 
The literature search resulted in 6 studies on harvesting of indoor ornamentals. All studies 
focused on exposure during harvesting (cutting) of ornamental flowers, mainly roses and 






Wilcoxon test: p < 0.0001 
harvesting of  
wine grapes 
harvesting of  
table/raisin grapes 
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the studies performed in the Netherlands (T036, U093, T059, T196), only potential dermal 
exposure of the hands was determined by providing the workers with gloves during the 
harvest activities. Studies TC06 and U110, performed by Kirknel et al. (1997) and Schneider 
et al. (2002) respectively, also provide a limited dataset on body exposure. A summary of the 
studies can be found in Table A-3 of Appendix A . 
The 75th percentile of the data for potential hand exposure (n = 58) was approximately 3800 
cm²/h. For body exposure, the dataset was very limited: Kirknel et al. (1997) provide two 
data points for potential body exposure and Schneider et al. (2002) give seventeen data 
points for actual body exposure. As only two data points for potential exposure were 
available, the maximum value from Kirknel et al. (1997) was taken as reasonable worst case. 
As this value (27000 cm²/h) is quite high, it indicates that body contact with the crop can be 
substantial during harvesting activities in ornamentals. By assuming that worker clothing 
provides an exposure reduction of 90%, a value of 2700 cm²/h was calculated for actual 
exposure. This value seems to be in good agreement with the actual exposure data from 
Schneider et al. (2002). The 90th percentile of the data from this study (n = 17) was 
approximately 4000 cm²/h which agrees reasonably well with the estimated value of 2700 
cm²/h. The 75th percentile value (3100 cm²/h) corresponded even better. Adding up the 
transfer coefficients for hand and body exposure resulted in a value of 6500 cm²/h for total 
actual exposure and a value of 30800 cm²/h for total potential exposure. Table 5-6 gives an 
overview of the calculated transfer coefficients for harvesting of ornamentals. 
The BROWSE generic TCs are presented in Table 5-6 together with the corresponding 
EUROPOEM and U.S. EPA TCs. A comparison between the BROWSE and U.S. EPA for total 
actual exposure shows that the BROWSE TC (6500 cm²/h) is higher than the U.S. EPA TC 
(4800 cm²/h) but still within the same order of magnitude. The BROWSE TC should in theory 
also be higher because it is based on more conservative estimates (75th percentile for hand 
exposure and maximum value for body exposure) than the U.S. EPA value (arithmetic mean).  
A comparison between BROWSE and EUROPOEM shows that the TCs for hand exposure are 
very similar: respectively 3800 cm²/h and 4000 cm²/h. The BROWSE TC (27000 cm²/h) for 
potential body exposure is higher than the EUROPOEM TC (10000 cm²/h), but still within the 
same order of magnitude. The BROWSE TC is based on a very small dataset (n = 2), but the 
actual exposure data from Schneider et al. (2002) seemed to confirm that body exposure can 
be considerable during harvesting of ornamentals. By comparing Figure 5-10 (plot of 
EUROPOEM data) and Figure 5-5 (plot of BROWSE data), it is clear that the EUROPOEM and 
BROWSE TCs for body exposure are in fact derived from the same study by Kirknel et al. 
(1997). However, only two data points from this study were used to calculate the BROWSE 
TC, whereas more than ten data points were used for the EUROPOEM TC. Again, this most 
likely results from a different interpretation of the data. Closer inspection of the data from 




activities such as taking cuttings and removing buds were examined by Kirknel and his 
colleagues. It is possible that the EUROPOEM consortium considered these activities to be 
similar to harvesting and included these data in their analysis. As the EUROPOEM database is 
not publicly available, it is not possible to investigate this issue further and confirm this 
assumption. 
 











Hands 3800A 3800 4000A 4000  
Body1 27000D 2700 10000B 1000  
Total 30800A   6500 14000A 5000 4800C 
1
The term body includes the torso, the arms, the legs, the feet and the head. 
A = 75
th
 percentile; B = 90
th
 percentile; C = arithmetic mean; D = maximum value. 
 
 
4.4.4 HARVESTING OF INDOOR FRUITING VEGETABLES 
Three studies on harvesting of indoor fruiting vegetables were identified during the 
literature search: one study performed by Schipper et al. (1998b) in Dutch cucumber 
greenhouses (T170) and two studies in cucumbers and aubergines commissioned by the 
Spanish authorities (SP02 and SP03). The leaf punch sampling and the whole body dosimetry 
method were applied in all three studies to determine the dislodgeable foliar residue and 
the dermal exposure, respectively (Appendix A, Table A-4). 
 
The 75th percentile of the transfer coefficient data (n = 64) for potential hand exposure was 
approximately 2700 cm²/h. For potential body exposure, a value of 3000 cm²/h was 
calculated as the 75th percentile of the available data (n = 64). These values resulted in a 
total of 5700 cm²/h for total potential exposure. By assuming that clothing provides a 
tenfold reduction of the body exposure, a transfer coefficient of 300 cm²/h was calculated 
for actual body exposure. For total actual exposure, a transfer coefficient of 3000 cm²/h was 
calculated by adding up the TCs for hand exposure and actual body exposure. Table 5-7 gives 
a summary of the BROWSE transfer coefficients, together with the corresponding 
EUROPOEM and U.S. EPA transfer coefficients. 
A comparison between the BROWSE TC (5700 cm²/h) and the EUROPOEM TC (5800 cm²/h) 
for potential exposure shows that there is a good agreement between both values. The TCs 
for actual exposure (3000 and 2500 cm²/h) compare almost equally well. Both databases use 
the Dutch data from Schipper et al. (1998b), but additional Spanish data (LAB, 2010a; LAB, 
2010b) were added to the BROWSE database. As shown in Figure 5-6, the additional Spanish 




data. As a result, the transfer coefficients obtained from the BROWSE database were very 
similar to those from the EUROPOEM database. 
In the U.S. EPA TC database, the scenario ‘harvesting of fruiting vegetables’ is not assigned 
to a single cluster but is divided over two clusters according to leaf type (Table 5-2). A first 
cluster (SH) groups the data on hand harvesting of smooth-leaf field crops and includes 
studies on hand harvesting and tying of tomatoes and hand harvesting of strawberries. A 
second cluster (HH) groups the data on hand harvesting of hairy-leaf field crops and includes 
studies on hand harvesting of cucumbers and summer squash. The corresponding transfer 
coefficients are 1100 cm²/h for cluster SH and 550 cm²/h for cluster HH. As the BROWSE TC 
is based on data on cucumbers and aubergines and these crops can be classified as hairy-leaf 
crops, the BROWSE TC is best compared with the TC from cluster HH. It is clear that the 
BROWSE TC (3000 cm²/h) is much higher than the U.S. EPA TC for cluster HH (550 cm²/h).  
Closer inspection of the data shows that the difference in crop height between the crops 
studied in the BROWSE studies and the crops studies in the ARTF studies may have 
contributed to this difference in transfer coefficients. Cluster HH is based on studies 
performed in cucumber (ARF045) and summer squash (ARF049). Both crops were classified 
as ‘low crop height’ in the ARTF database which means that these crops had a height less 
than waist high (about 3 to 3.5 feet or approximately 91 to 107 cm) and therefore had a low 
potential for upper body contact (Bruce & Korpalski, 2008). The crops described in the 
studies included in the BROWSE database were however much taller. Schipper et al. (1998b) 
reported a crop height of 2.20 m for the studied cucumber crop and the Spanish studies 
report crop heights of 2.50 m for the cucumbers and 1.50 m for the aubergines. Due to their 
higher crop height, these crops had a much higher potential for upper body contact, which 
would be reflected in higher transfer coefficients. However, other factors such as the type of 
clothing used in the ARTF studies or the clothing penetration factor used in the BROWSE 
analysis may also have played a role in the difference between the BROWSE and U.S. EPA 
TCs. 
 











Hands 2700A 2700 2200A 2200  
Body1 3000A 300 3600A 360  
Total 5700A 3000 5800A 2500 smooth: 1100C 
hairy: 550C 
1 
The term body includes the torso, the arms, the legs, the feet and the head. 
A = 75
th





4.4.5 HARVESTING OF SOFT FRUIT (OTHER THAN GRAPES) 
The BROWSE transfer coefficients for harvesting of soft fruit (other than grapes) are based 
on five studies conducted in the United States by Bradman et al. (2009), Lanning et al. (1998) 
and Zweig et al. (1983, 1984, 1985). All studies were performed in strawberries, although the 
study from Zweig et al. (1985) also included some data on blueberries. In all studies, leaf 
punches were used to determine the dislodgeable foliar residue. Zweig and his colleagues 
used gloves and patches to assess the dermal exposure of the workers, whereas Lanning et 
al. (1998) used hand washes and whole body dosimeters. Bradman et al. (2009) only 
assessed exposure of the hands by means of hand washes. A more detailed summary of the 
studies can be found in Table A-5 of Appendix A. 
For potential hand exposure, a transfer coefficient of 4900 cm²/h was calculated as the 75th 
percentile of the available data (n = 65). Unfortunately, no data were available on potential 
body exposure. In contrast, a considerable dataset (n = 59) was available for actual body 
exposure. A transfer coefficient of 900 cm²/h was calculated as the 75th percentile of these 
data. By assuming that the clothing worn during these studies provided a tenfold reduction 
of the exposure, an indicative transfer coefficient of 9000 cm²/h could be estimated for 
potential body exposure. By adding up the data for hand and body exposure, transfer 
coefficients of 13900 and 5800 cm²/h were derived for respectively total potential and total 
actual exposure. Table 5-8 provides a summary of the resulting transfer coefficients and also 
included the relevant EUROPOEM and U.S. EPA values. 
The EUROPOEM values listed in Table 5-8 were derived from a single study by Zweig et al. 
(1984). Arithmetic means were used to calculate the transfer coefficients for actual hand 
(2200 cm²/h) and actual body (1170 cm²/h) exposure because the data from Zweig et al. 
(1984) were also given as means (van Hemmen et al., 2002). The value for total actual 
exposure (2500 + 1170 = 3670 cm²/h) was adjusted downwards to 3000 cm²/h because this 
value seemed high in comparison with comparable data. The BROWSE TC analysis, which 
was based on data from 5 studies, resulted in a transfer coefficient of 5800 cm²/h for total 
actual exposure, suggesting that this downward adjustment may not have been necessary.  
The U.S. EPA database doesn’t have a specific cluster for harvesting of soft fruit. The 
database contains data on harvesting of strawberries and black berries, but these are used in 
separate clusters (Table 5-2). Cluster SH covers hand harvesting of smooth-leaf crops and 
uses the data on harvesting of strawberries (studies AR1001 and AR1024) as well as data on 
harvesting and tying of tomatoes. The data on hand harvesting of black berries (study 
ARF020) are used in two clusters: THb and GHv. The first covers hand harvesting of trellis 
crops and the second covers hand harvesting of greenhouse vegetables. The BROWSE TC 
value for total actual exposure is solely based on data on harvesting of strawberries and is 




that the BROWSE TC (5800 cm²/h) is clearly higher than the U.S. EPA TC (1100 cm²/h) for the 
cluster of harvesting of smooth-leaf crops. However, this cluster is based on data from 
studies on harvesting of strawberries as well as data from studies on harvesting and tying of 
tomatoes. The transfer coefficient from this cluster may therefore not be representative for 
the BROWSE scenario of harvesting of soft fruit. Therefore, the data from the studies on 
harvesting of strawberries (AR1001 and AR1024) were extracted from the database and 
reanalysed. Using only the data from these studies (n = 30), an average transfer coefficient 
of approximately 900 cm²/h was determined. This recalculated transfer coefficient was even 
lower than the cluster value of 1100 cm²/h, suggesting that other factors such as the 
sampling methods, the type of clothing and the cropping system used in the studies 
contributed to the difference observed between the BROWSE TC and the U.S. EPA TC. 
 











Hands 4900A 4900A NA 2500C  
Body1 9000E 900A NA 1170C    
Total 13900A 5800A NA 3000* trellis: 1400C 
smooth: 1100C 
1
The term body includes the torso, the arms, the legs, the feet and the head. 
A = 75
th
 percentile; C = arithmetic mean; E = calculated from actual exposure TC; NA = not available. 
*The transfer coefficient for total exposure was adjusted downwards because the TC value of 3670 cm²/h 
seemed high in comparison with comparable data (van Hemmen et al., 2002). 
 
 
4.4.6 PRUNING OF ORCHARD FRUIT 
For the scenario of pruning of orchard fruit, no relevant studies were identified during the 
BROWSE literature search. Table 5-4 shows that the ARTF database however contains two 
studies on pruning of orchard fruit: study ARF047 on pruning of apples (n = 15) and study 
ARF033 on pruning of olives (n = 15). These studies were used to create cluster OP (hand 
pruning and scouting of orchard crops). The corresponding transfer coefficient of 580 cm²/h 

















Hands NA NA NA NA  
Body1 NA NA NA NA  
Total NA NA NA NA 580C 
1
The term body includes the torso, the arms, the legs, the feet and the head. 
C = arithmetic mean; NA = not available. 
 
 
4.4.7 THINNING OF ORCHARD FRUIT 
For the scenario of thinning of orchard fruit, only a single transfer coefficient value of 3300 
cm²/h was available from a study performed by Spencer et al. (Spencer et al., 1993). This 
value was based on the average actual dermal exposure of four workers involved in thinning 
peaches. Although this transfer coefficient is based on a limited dataset, it compares very 
well with the U.S. EPA transfer coefficient of 3600 cm²/h for cluster OT (thinning of orchard 
crops) which is based on a study on thinning of apples (n = 20). Besides the ARTF data and 
the data from the study by Spencer et al. (1993), no other data are currently available for 
this scenario (Table 5-10). 
 











Hands NA NA NA NA  
Body1 NA NA NA NA  
Total NA NA NA NA 3600C 
1
The term body includes the torso, the arms, the legs, the feet and the head. 
C = arithmetic mean; NA = not available. 
 
 
4.5 SUMMARY OF BROWSE TRANSFER COEFFICIENTS 
An up-to-date literature search of open and grey literature was performed to identify studies 
from which transfer coefficients could be extracted or calculated based on the reported 
exposure and DFR data. From these data, generic transfer coefficients were calculated for 
the BROWSE priority scenarios.  
Table 5-11 gives an overview of these transfer coefficients. For four scenarios, no transfer 
coefficients were determined due to a lack of data. For the remaining scenarios, transfer 




except the transfer coefficients for body exposure for the soft fruit and grape scenarios. For 
these transfer coefficients, actual exposure data were used because potential exposure data 
were not available. 
 
As the approach used to generate the BROWSE transfer coefficients was based on the 
approach developed by EUROPOEM, the BROWSE transfer coefficients can be considered as 
an update of the EUROPOEM transfer coefficients. A comparison between the BROWSE and 
EUROPOEM transfer coefficients for total exposure shows that the BROWSE analysis 
resulted in comparable transfer coefficients for the orchard fruit and fruiting vegetables 
scenarios and in higher transfer coefficients for the ornamental and soft fruit scenarios. In 
case of the ornamentals scenario, this increase was mainly the result of an increase in the 
transfer coefficient for body exposure. For the soft fruit scenario, this increase resulted from 
an increase in the transfer coefficient for hand exposure. 
 
Table 5-11 Summary of the BROWSE generic transfer coefficients for the priority scenarios (in cm²/h). 
Scenario Potential exposure Actual exposure 
Hands Body1 Total Hands Body1 Total 
Harvesting orchard fruit 1500A 21800A 23300 1500 2200 3700 
Pruning orchard fruit NA NA NA NA NA NA 
Thinning orchard fruit NA NA NA NA NA NA 
Harvesting grapes 1200A 12000E 13200 1200 1200A 2400 
Pruning grapes NA NA NA NA NA NA 
Thinning grapes NA NA NA NA NA NA 
Harvesting ornamentals 3800A 27000D 30800 3800 2700 6500 
Harvesting fruiting vegetables 2700A 3000A 5700 2700 300 3000 
Harvesting soft fruit  
(other than grapes) 
4900A 9000E 13900 4900 900A 4800 
1
The term body includes the torso, the arms, the legs, the feet and the head. 
A = 75
th
 percentile; B = 90
th




In the seventies, researchers found evidence of a correlation between foliar PPP residues 
and dermal exposure rates. Not much later, this relationship was quantified by defining a 




provide a worker exposure estimate, without the need of performing exposure studies. 
Although this approach is in itself quite simple, this chapter has shown that the transfer 
coefficient issue is very complex due to a combination of factors, of which data availability is 
the most critical one.  
BROWSE transfer coefficients were determined using data from open and grey literature 
following an approach developed in the EUROPOEM project. The use of such data is 
however associated with several issues. One important issue is related with the type of 
exposure measured in the studies. As different sampling techniques are used in these 
studies, the resulting exposure data (and transfer coefficients) also represent different types 
of exposure. In practice, this means that transfer coefficients based on potential exposure 
and transfer coefficients based on actual exposure should not be assessed together when 
calculating generic transfer coefficients. Moreover, a great deal of interpretation of the 
information reported in the studies is often required to determine which type of exposure 
was measured in a study. A different interpretation of the data will result in different 
transfer coefficients even though the same dataset may have been used.  
Another – even more important – issue concerns data availability. Transfer coefficients 
cannot be measured directly, but are determined by dividing the exposure rate with the 
dislodgeable foliar residue. So, once appropriate values are established, transfer coefficients 
eliminate the need of performing expensive and time-consuming exposure studies, but 
exposure studies are first needed to generate high-quality exposure and DFR data from 
which transfer coefficients can be determined. An up-to-date literature search has 
demonstrated that the amount of data available in open and grey literature is still very 
limited. For some scenarios no data were found, whereas the data for other scenarios were 
limited to a few data points or to a single study (Table 5-3). Although the BROWSE transfer 
coefficients most likely give a reasonable estimate of the exposure, it should be taken into 
account that these values are only indicative and that many factors may cause variability 
around these values. The potential user of these transfer coefficients should carefully 
consider how the BROWSE transfer coefficients were determined and decide on a case-by-
case basis whether these values are representative of the situation for which the exposure 
assessment is required. The link with the original papers used to determine the transfer 
coefficient is however easily lost and, as a result, the representativeness of the resulting 
transfer coefficients may be difficult to judge. The transfer coefficients for fruiting 
vegetables, for example, are derived from studies on tall crops such as cucumbers and 
aubergines. Hence, these transfer coefficients may not be representative for low crops such 
as courgettes even though courgettes are also fruiting vegetables. 
Representative transfer coefficients are used to produce a reasonable estimate of the level 
of exposure in a given scenario while assuming that the level of exposure is mainly governed 




interval, leaf wetness, formulation type and the duration of exposure may complicate this 
simple approach. Although the generic nature of transfer coefficients is interesting fuel for 
thought, little research has been done to systematically assess the effect of these factors on 
the transfer of PPPs. In the US, the ‘genericness’ of transfer coefficients has been 
investigated by the Agricultural Re-entry Task Force (ARTF). Due to their extensive database 
with DFR and TC data, the ARTF was able to perform statistical analysis to study the effect of 
these factors on transfer coefficients. The original research report by Bruce et al. (2003) is 
not publicly available, but Bruce & Korpalski (2008) give an overview of the most important 
findings in their report on the development of the ARTF transfer coefficient database.  
Analysis of the extensive ARTF DFR database suggested that leaf type has a consistent effect 
on the DFR. The geometric mean of the normalized DFR0 (µg/cm² per lbs a.s./acre) was 2.48, 
1.20 and 0.78 µg/cm² for hairy leaves, smooth leaves and waxy leaves respectively (Bruce & 
Korpalski, 2008). Due to the ‘hairs’ on the surface of the leaves, hairy leaves are better at 
accumulating the DFR than smooth leaves and waxy leaves.  The ‘hairs’ of hairy leaves also 
prevent the transfer of the substance to the worker. Analysis of the transfer coefficients for 
field crops revealed that the highest transfer coefficients were observed for the hairy-leaf 
crops, followed by the smooth-leaf crops and finally the waxy-leaf crops. Based on this 
information, the ARTF divided field crops into three separate clusters according to leaf type: 
smooth-leaf field crops, waxy-leaf field crops and hairy-leaf field crops.  
Although the foliage is usually dry during re-entry into the treated crop, it can also be wet 
due to rain, irrigation or dew or even because the spraying liquid hasn’t dried up yet. Not 
only the source but also the intensity and duration of the leaf wetness can differ, making it 
difficult not only to quantify the leaf wetness but also to assess its effect on the transfer of 
PPP residues to the worker. Moreover, exposure studies are typically performed in dry 
crops, resulting in a scarcity of relevant data to quantify the effect of leaf wetness. The ARTF 
database contains eight studies in which the moisture level of the leaves was different on 
different monitoring days. Statistical analysis was performed to qualitatively assess whether 
the leaf wetness had a significant effect on the geometric mean transfer coefficients. The 
results of the analysis showed that the moisture level did not have a consistent effect on the 
transfer coefficients. As a result, leaf wetness was considered as a factor that added to the 
variability in the observed transfer coefficients (and resulting exposure estimates), but was 
not addressed in a systematic way in the transfer coefficient database (Bruce & Korpalski, 
2008). 
Many of the ARTF exposure studies were conducted on multiple re-entry days, ranging from 
0 to 45 days after application. Based on the data from 31 studies, the effect of the re-entry 
interval on the transfer coefficients was evaluated. This was done by plotting the log of the 
mean transfer coefficient versus the number of days after application and versus the 




different from zero (respectively 0.035 and 0.029), it was concluded that the re-entry 
interval – at least for the observed range of values – did not have a significant effect on the 
transfer of the residues to the worker (Bruce & Korpalski, 2008). 
The effect of the monitoring duration was assessed by comparing the exposure rates against 
the exposure monitoring durations. The ARTF database only contained two studies in which 
the monitoring duration varied enough to study this effect: study ARF021 on scouting in dry 
beans and study AR1017 on propping in peaches.  Therefore, the data from Spencer et al. 
(Spencer et al., 1991) on harvesting of peaches were also included in the analysis. The data 
suggested that the exposure rates were higher for short monitoring durations (< 2 hours), 
but soon stabilised with increasing exposure durations. The higher exposure rates for short 
monitoring durations were not considered to be a reason for concern as most exposure 
studies were conducted for sufficiently long monitoring durations (82% over 3.5 hours). 
Moreover, it was said that the exposure studies with short monitoring durations may add 
conservatism to the exposure estimates (Bruce & Korpalski, 2008).  
The authors acknowledged that the findings described above were based on the already 
available data and were not the result of a targeted research study and may therefore be 
limited to some degree. The ARTF investigation is however the only one of its kind and 
provides useful insights into the generic nature of transfer coefficients. In general, it was 
concluded that transfer coefficients are generic under most conditions and that the factors 
listed above only add to the variability observed in transfer coefficients but do not 
systemically effect transfer coefficients.  
The variability in transfer coefficient data was also observed for the data used to generate 
the BROWSE transfer coefficients. Besides the factors that potentially affect the generic 
nature of the transfer coefficients, other factors contribute to this variability: the type of 
exposure sampling method, the extent of the exposure measurements, the use of single- or 
double sided DFRs, etc. The use of a standardized protocol to determine transfer coefficients 
may reduce some of the variability that is currently observed. Even then, the variability is 
expected to be quite high, as the ARTF data, which were obtained by means of a 
standardized protocol, also exhibited a high level of variability. This variability is hence 
difficult to address. The current approach uses a point value based on a given percentile of 
the available data. Of course, a point value doesn’t take account of the observed variability. 
The use of transfer coefficient distributions may solve this issue, but again, more data are 
required in order to determine such distributions. 
Future research should focus on generating more data for the BROWSE priority scenarios. 
These data should not only improve the assessments for which data are already available, 
but also extend the range of scenarios for which transfer coefficients are available. In 
addition, the generic nature of transfer coefficients should be investigated further with help 




the transfer of the PPP residues to the worker. Such a research study should not be limited 
to the factors studied by Bruce & Korpalski (2008), i.e. leaf type, re-entry interval, leaf 














VOLATILISATION OF PLANT PROTECTION PRODUCTS AFTER 
APPLICATION IN VEGETABLE GREENHOUSES 
 
Volatilisation of plant protection products after application to the soil or the crop is an 
important source of emission into the atmosphere. As a result, workers are potentially at 
risk when exposed to these volatilised substances. Nonetheless, data on measured 
concentrations are quite scarce, especially in greenhouses. This chapter presents the results 
of volatilisation experiments performed in greenhouses. The results from this study 
contribute to a better understanding of volatilisation in greenhouses and were used to test 
the recent PEARL model for volatilisation in greenhouses (Chapter 7). 
 
1 INTRODUCTION 
In agriculture and horticulture, crop protection products are applied to the soil or crop to 
safeguard the quality and yield of the crop by protecting it from harmful organisms and 
diseases. It has been acknowledged for many years that volatilisation of the applied 
substance during and after application may be a substantial source of emission into the 
atmosphere. In the past, many studies have been dedicated to quantifying the emission of 
PPPs from the soil or plant into the air. Overviews of the available volatilisation rate data 
demonstrate that the observed volatilisation rates range from 0% of the applied dose to 
more than 90% for very volatile substances such as lindane (Bedos et al., 2002; Guth et al., 
2004; Smit et al., 1997; Smit et al., 1998). The degree of volatilisation is highly variable 
because it not only depends on the physicochemical properties of the substance, but also on 
the prevailing meteorological conditions and the processes taking place in and on the soil or 
crop (Bedos et al., 2002; van den Berg et al., 1999). 
From a health perspective, research on the volatilisation of PPPs after application is valuable 
as inhalation of the volatilised PPPs may result in adverse health effects of those exposed. 
The emission of PPPs into the air poses a risk for persons living or working in the vicinity of 
the treated crops as well as for those engaged in re-entry activities in the treated area. From 
this point of view, greenhouses can be considered as worst-case scenarios. Because 
greenhouses are closed environments, PPP concentrations tend to be higher in comparison 
with those measured in open fields. The ventilation rate of a greenhouse plays a crucial role 
as this parameter indicates how often the air inside the greenhouse is changed. Higher 




 hence reduce the risk for workers at work inside the greenhouse. However, higher 
ventilation rates also result in higher emissions into the outdoor air where bystanders and 
residents in their turn may be exposed.  
Many studies have focused on volatilisation from the soil, because soil-applied fumigants are 
often highly volatile and are therefore a major source of emission into the atmosphere (van 
den Berg et al., 1999). Nonetheless, studies have indicated that volatilisation from plants 
may be higher because PPPs adsorb less to plants than to soil (Bedos et al., 2002; Guth et al., 
2004). Other studies report that the more complex nature of the leaf surface results in a 
more turbulent air flow above the leaves which in its turn favours volatilisation from the 
plants (Rüdel, 1997). Furthermore, the higher volatilisation rates from plants can to some 
extent be attributed to the larger exchange surface provided by plants in comparison to soil. 
Still, research on volatilisation from plants, especially in greenhouses, is scarce (e.g. Brouwer 
et al., 1992a; Siebers & Mattusch, 1996). In recent years however, there has been an 
increasing interest in this topic, including from the European Food Safety Authority (Beulke 
et al., 2011; EFSA, 2010b). 
In the past, the PEARL model (Pesticide Emission Assessment at Regional and Local scales) 
has been developed to simulate the volatilisation process from plant surfaces under outdoor 
conditions (Leistra et al., 2001; van den Berg & Leistra, 2004). Recently, the PEARL model 
was extended to include volatilisation from plant surfaces under greenhouse conditions. This 
extended model can be used to estimate the concentrations of the volatilised substances in 
the greenhouse air and can thus be used to assess the inhalation exposure of worker 
engaged inside the greenhouses for a wide range of substances. An important step in the 
development of any model is the testing phase, where model simulations are compared with 
experimental data. Data from published studies on the volatilisation of PPPs from plants 
under greenhouse conditions are quite scarce and can often not be used to test the 
extended PEARL model due to the data requirements for the model. The model not only 
requires data on influencing factors such as the ventilation rate and the greenhouse 
dimensions, but also requires hourly greenhouse climate data to be able to simulate the fate 
of the substance after its application. As a result, the data from currently published studies 
are inadequate to test and help improve the extended PEARL model. 
This chapter presents the results of experiments on the volatilisation of plant protection 
products performed in glasshouses in Belgium. The concentration of the PPPs in the 
greenhouse air was measured with active air sampling after application. Air sampling took 
place after application to bare soil and to greenhouse crops (cucumber and tomato). This 
study was aimed at improving the current knowledge of the volatilisation process from plant 
surfaces in greenhouses by studying the effect of the air ventilation rate, air temperature, 
measurement height, location within the greenhouse, substance properties and competing 
processes on the measured concentrations in the greenhouse air. In the meantime, a 
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complete and comprehensive dataset was developed that could be used to test and improve 
the recent PEARL model for estimating greenhouse concentrations of PPPs. 
 
2 MATERIAL AND METHODS 
2.1 GREENHOUSES AND CROPS 
The volatilisation experiments were conducted in the greenhouse complex of the Research 
Station for Vegetable Production (RSVP) in Sint-Katelijne-Waver, Belgium. According to the 
EFSA classification system of protected structures, the RSVP greenhouses are classified as 
high-technology greenhouses of the “Venlo” type with an automatic climate control system 
(EFSA, 2010b). Greenhouse temperature, relative humidity and window opening were 
measured and registered on an hourly basis with a Hortimax climate control system fitted 
with Ektron-II C sensors. Greenhouses with three different crop types were used for this 
study: lettuce, tomato and cucumber. The lettuce crop was grown in a soil-bound system, 
whereas the tomato and cucumber crop were grown in a gutter system with substrate. The 
greenhouse characteristics can be found in Figure 6-1 and Table 6-1. 
 
 





Table 6-1 Greenhouse and application characteristics of the greenhouse volatilisation trials. 
Experiment 1 2 3 4 
Application to Soil Crop (tomato) Crop (cucumber) Crop (cucumber) 
Greenhouse area 
(m²) 
720 720 160 160 
Greenhouse volume 
(m³) 
4932 4932 1096 1096 
Treated area (m²) 448 672 144 144 
Ventilation regime According to climate control 
system 
Only leakage losses (windows 
closed) 
Only leakage losses (windows 
closed) 
According to climate control 
system 
Ventilation rate (h-1) 0.08 – 4.28  0.04 0.10 15.33 (at 100%  opening) 
Application method Spray boom (horizontal) Spray trolley Spray boom (vertical) Spray boom (vertical) 
Spray pressure (bar) 2 8 2 2 












Application rate  
(g a.s./100 m²) 
16 3.2  
(for both a.i) 
3.2  
(for both a.i) 
3.2  
(for both a.i) 
Spray volume  
(L/100 m²) 
3.5 10 10 10 
EC = emulsifiable concentrate; SC = suspension concentrate 
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2.2 VENTILATION RATES 
Two types of ventilation regimes were used during the course of the experiments. During 
experiments 1 and 4, ventilation of the greenhouse was controlled with the climate control 
system, based on temperature measurements inside the greenhouse. This system aimed at 
creating an optimal microclimate for the crop by maintaining an optimal growing 
temperature (e.g. 20°C for tomatoes) by opening the greenhouse vents. Ventilating the 
greenhouses also helped to reduce the relative humidity inside the greenhouses and hence 
the risk for diseases. During experiments 2 and 3, the climate control system was overruled 
and all windows were kept closed during and after application. As a result, only leakage 
ventilation took place during these experiments. 
Ventilation rate experiments were conducted to determine indicative values for the 
ventilation rates for different window openings. However, it is important to note that 
greenhouse ventilation rates not only depend on the greenhouse window opening but also 
on the outside wind speed, wind direction and on the temperature difference between the 
inside and the outside (Baptista et al., 1999; Boulard et al., 1997). It was beyond the scope of 
this study to perform a detailed ventilation rate study, so the ventilation rates were only 
determined for a single set of conditions. Hence, the ventilation rates obtained in this study 
should be considered as indicative values. 
Ventilation rates were determined for different window opening settings according to the 
dynamic tracer gas method. A tracer gas was injected into the greenhouse until a 
concentration of 2000 ppm was reached. Next, the windows were opened in the desired 
position, while the greenhouse doors were kept closed. The ventilation rate was calculated 
based on measurements of the subsequent decline of the tracer gas concentration (Baptista 
et al., 1999). CO2 was identified as the most appropriate tracer gas since it was easy to 
measure and could be injected into the greenhouse via the CO2 supply lines. As CO2 can be 
taken up by the plants, the ventilation rate experiments were conducted after the plants 
were removed from the greenhouses. The decline of the tracer gas concentration was 
measured with help of CO2 sensors placed in the centre of the greenhouse and from the 
decline rate the ventilation rate was calculated as follows: 
 
ln[Ci(t) - Co] = a + kven.t 
where Ci(t) is the greenhouse concentration of CO2 at time t (ppm), Co is the outside 
concentration of CO2 (ppm), kven is the ventilation rate (h
-1) and a is a constant. In practice, 
the natural logarithm of (Ci - C0) was plotted against time and a linear regression was fitted 







In the lettuce greenhouse, chlorpropham was applied to the soil as a pre-emptive herbicide 
treatment before planting. No crop was present in the greenhouse during application, but 
lettuce seedlings were planted after a visual check confirmed that the spraying solution had 
more or less dried up. C.I.P.C. Protex (400 g/L chlorpropham, EC, Agriphar S.A.) was applied 
to the bare soil using a horizontal spray boom with four Teejet XR 110-03 nozzles attached to 
an ECHO backpack power sprayer (model type SHR-150SI) operated at a spray pressure of 2 
bar. The product was applied at a rate of 40 mL per 100 m², corresponding with a substance 
application rate of 16 g of chlorpropham per 100 m². Although the greenhouse had a total 
surface area of 720 m², only the cultivated area (448 m²) of the greenhouse was treated.  
Cucumber and tomato greenhouses 
In the cucumber and tomato greenhouses, a tank mixture of Scala (400 g/L pyrimethanil, SC, 
BASF Belgium) and Corbel (750 g/L fenpropimorph, EC, BASF Belgium) was applied to the 
mature crop. In contrast to chlorpropham, these substances were not applied as part of the 
regular application schedule and were hence not aimed at targeting any disease. Instead, the 
substances were selected based on the following criteria: a) approved for use in Belgium, b) 
at least medium volatile from plants according to vapour pressure and c) available as a 
commercial product. The physico-chemical properties of fenpropimorph and pyrimethanil 
can be found in Table 6-2. For the purpose of comparison, both active substances were 
applied at a substance rate of 3.2 g per 100 m². To this purpose, the product Scala was 
applied at a rate of 8 mL per 100 m², whereas the product Corbel was applied at a rate of 4.2 
mL per 100 m².  
A spray trolley equipped with an automated vertical spray boom with TJ-60 8003VS nozzles 
(TeeJet) was operated at 8 bar for the application to the tomato crop. The spray boom used 
for the lettuce trials was used in a vertical position for the cucumber experiments. The total 
treated area was 144 m² for the cucumber greenhouses and 672 m² for the tomato 
greenhouse. Table 6-1 provides a general overview of the greenhouse and application 
characteristics for each experiment.  
Before the start of the volatilisation experiments, a small-scale laboratory experiment with a 
mixture of Scala and Corbel was performed to ensure that the mixture was stable and that 
combining the products didn’t influence the volatilisation of the individual formulations. 
During this laboratory experiment, petri dishes were spiked with a known amount of 
substance and were put into small volatilisation chambers which were connected to the 
small sampling unit (as described in section 2.4). In total, three sets of 2 petri dishes each 
were used. The first set of petri dishes was spiked with a solution prepared with Scala 
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(pyrimethanil) whereas the second set was spiked with a solution prepared with Corbel 
(fenpropimorph). The third and final set of petri dishes was spiked with a solution containing 
both Scala and Corbel. For pyrimethanil, the concentrations found in the air were 0.96 and 
0.88 ng/m³ for the single-product application and 0.97 and 0.75 ng/m³ for the mixed-
product application. For fenpropimorph, the concentrations found in the air were 8.3 and 
12.4 ng/m³ for the single-product application and 10.0 and 4.2 ng/m³. Based on these 
results, there were no indications that a combined application of these products would 
influence the volatilisation of the individual substances in the full-scale greenhouse 
volatilisation experiments. 
 
Table 6-2 Physico-chemical properties of the studied active substances (University of Hertfordshire, 
2013). 
Property Chlorpropham Pyrimethanil Fenpropimorph 
Molar mass (g/mol) 213.66 199.11 303.48 
Vapour pressure, at 25°C (mPa) 24 1.1 3.9 
Solubility in water, at 20°C (mg/L) 110 121 4.32 
Henry’s law constant (mPa.m³/mol) 47 3.6 0.274 
KOM (ml/g) 197 175 2542 
The KOM (organic matter-water partition coefficient) was calculated from the KOC (soil organic carbon-





In the lettuce greenhouse, air samplers were placed at five different locations in the 
greenhouse: three in the middle and two at the edge of the treated area. In the tomato and 
cucumber greenhouses, sampling units were placed in the centre of the treated area and in 
the main greenhouse aisle. The sampling locations have been indicated in Figure 6-1. At each 
location, sampling was done at two different heights: just above the crop and at breathing 
height. This resulted in sampling heights of approximately 0.5 m and 1.5 m for lettuce and 
1.5 m and 2.5 m for tomato and cucumber. Concentrations of volatilised PPPs in the air were 
measured with an active sampling system where air is passed over a sorption tube with help 
of sampling pumps.  
During the lettuce trial, personal air sampling pumps (GilAir-3 Basic Personal Air Samplers, 
Gilian, Sensidyne) were used at locations A, B, D and E (Figure 6-1). For these locations, no 
replicate samples were obtained as each pump only had a single air inlet. For location C, a 
small stationary sampling unit equipped with a vacuum sampling pump (KNF Neuberger 
Laboport type N86 KN.18) was used to sample the air. This small sampling unit had 8 air 




each sampling period.  
In the tomato and cucumber greenhouses, the small sampling unit was used in combination 
with two large stationary sampling units with vacuum pumps. These units have been 
described in detail by Bor et al. (1995) and van den Berg et al. (1995). A first sampling unit 
consisted out of a Siemens vacuum pump (type ELMO-G), a buffer vessel with a pressure 
valve (Alfa Laval), a manifold with a manometer and five inlets, five flow meters (Brooks 
Instruments, model no. 1307/-2B1A2COOA, maximum 5 m³/h) and five gas meters (Itron, 
type LNE-11727, maximum 6 m³/h). A second sampling unit consisted out of a Gast vacuum 
pump and a buffer vessel with a RX pressure valve. In contrast to the first unit, this unit only 
had three inlets, three flow meters and three gas meters of the same make and model. The 
small sampling unit was used to sample air in the centre of the greenhouse, whereas the 
large sampling units were used to sample air at the greenhouse aisle (Figure 6-1). Four air 
inlets were placed at each sampling height, resulting in four replicate samples for each 
sampling period.  
Air sampling was performed with flow rates of approximately 1.5 L/min for the personal air 
samplers and the small sampling unit and 50 L/min for the large sampling units. The personal 
air samplers and the small sampling unit were regularly calibrated with a Gilibrator-2 Air 
Flow Calibrator (Gilian, Sensidyne) to ensure the accuracy of the flow rates. For the large 
stationary sampling units, the air flow rate was adjusted with the flow meters, whereas the 
total air volume per sample was recorded with the gas meters.    
Two types of adsorption tubes were used as sampling media: ORBO 42 large adsorption 
tubes with Amberlite XAD-2 adsorbent (Supelco, Sigma-Aldrich Co.) and custom made 
adsorption tubes with Amberlite XAD-4 adsorbent (Sigma Aldrich Co.). Both tubes consisted 
out of a main adsorbent bed followed by a backup bed for breakthrough, kept in place with 
glass wool plugs. To avoid unwanted contamination, the sampling tubes were kept closed 
until sampling took place. During and after sampling, the sampling tubes were covered with 
aluminum foil to prevent breakdown of the active substance due to exposure to light. After 
sampling, the sampling tubes were immediately closed off to prevent any losses and stored 
at -18°C until analysis. 
After application, spray droplets were allowed to settle before air sampling was started. This 
took approximately 10 to 15 minutes and was done to ensure that the sampling tubes were 
not contaminated with spray droplets and would therefore give an overestimation of the 
volatilised amount. After application, air samples were taken during four subsequent 
sampling periods of 15, 30, 60 and 120 minutes. In case of the lettuce experiment, only three 
consecutive sampling periods were performed because the application took place in the late 
afternoon and therefore sampling could not start before 4 p.m. The following days, sampling 
periods of two hours took place in the morning (starting at 10 a.m.) and afternoon (starting 
at 2 p.m.) for up to 4 days after application. 




As the treated crop is the main source of volatilisation, it is important to determine the 
source strength. Therefore, leaf samples were taken during experiments 3 and 4 to evaluate 
the residue of active substance present on the cucumber crop. Leaf sampling was done 
according to the method proposed by Iwata et al. (1977). In short, five or more replicate 
samples of 40 leaf discs with a diameter of 2.54 cm were taken randomly across the treated 
crop with a leaf punch sampler. Samples were collected 2 and 4 days after application during 
experiment 3 and 4 days after application during experiment 4. The samples were wrapped 
in aluminum foil and kept at a temperature of -18°C until analysis. 
 
2.5 EXTRACTION AND ANALYSIS 
Air samples 
The XAD-2 and XAD-4 powder were removed from the sampling tubes and extracted with a 
suitable solvent by placing the samples in an ultrasonic bath for at least 30 minutes. Ethyl 
acetate was used for extraction of chlorpropham and hexane for pyrimethanil and 
fenpropimorph. After the ultrasonic treatment, 1.5 mL of the extraction solvent was 
transferred into a vial for further analysis with GC-MS.  
The concentration of the active substance in the greenhouse air was calculated from the 
mass found in the sorption media and the volume of air sampled during the sampling 
interval. Values were reported as averages across the replicates obtained from the different 
air inlets. For the lettuce trials, the values were averaged over locations B, C and D to obtain 
one single (average) value for the centre of the greenhouse. Samples below the limit of 
detection or quantification were calculated as respectively ½ LOD and ½ LOQ.  If all replicate 
samples were below the LOD or LOQ, this was reported as ND (non-detectable) or NQ (non-
quantifiable).  
Leaf samples 
The amount of active substance (a.s.) found on and in the leaves was determined for each 
leaf sample of 40 leaf punches. To determine the amount of a.s. on the leaves, each sample 
was shaken in 100 mL of water in a shaker at 200 strokes per min for 1 hour. The solution 
was decanted into a separating funnel and the leaf punches were set aside to extract the a.s. 
that had penetrated into the leaves. The aqueous solution was extracted with 50 mL of 
dichloromethane (CH2Cl2). A saturated sodium chloride solution (25 mL) was added to 
improve the separation of the aqueous layer and the solvent layer. This procedure was 
performed twice. The solvent layer was drained from the funnel and dried over sodium 
sulphate (Na2SO4). The solvent was evaporated in a Rotavapor and the residue was 




redissolved in 2 mL of aceton. The samples were analysed with GC-MS. 
To determine the amount of a.s. that had penetrated into the leaves, the leaf punches were 
mixed and homogenized in 40 mL of hexane with an Ultra-Turrax mixer. The solvent was 
filtered over a Buchner filter and dried over Na2SO4 to remove the leaf residues and any 
excess water. An aliquot of the solvent was transferred to a vial for further analysis with GC-
MS. 
The amount of a.s. found on/in leaves was expressed as µg/cm², by dividing the mass found 
on/in the leaves by the leaf surface area of the leaf punches. The double-sided leaf surface 
area (2 x 40 x (2.54/2)² x π = 400 cm2) was used, following the Iwata procedure (Iwata et al., 
1977).  
Analysis of leaf and air samples 
A gas chromatograph (Agilent Technologies, type 6890N) equipped with a capillary HP-5MS 
column (0.25 mm x 30 m x 0.25 µm) was used to analyse the air and leaf samples. Detection 
was carried out with a mass chromatograph (Agilent Technologies, type 5973 inert). The 
limits of detection were: 3 µg/L for chlorpropham, 0.3 µg/L for fenpropimorph and 0.3 µg/L 
for pyrimethanil.  
An HP 6890 series autoinjector was used to inject 1 µL of sample in splitless mode. The 
operating conditions for fenpropimorph were as follows: the oven temperature was initially 
set at a temperature of 100°C for 1 minute, subsequently increased at a rate of 45°C/min to 
300 °C and finally held at 300°C for 10 min. Helium was used as carrier gas at a flow rate of 
1.9 mL/min. For chlorpropham, the oven temperature was initially set at a temperature of 
70°C for 1 min, then increased at a rate of 25°C/min to 150°C, then increased at a rate of 
3°C/min to 200 °C, then increased at a rate of 8°C/min to 280 °C and finally held at 280°C for 
10 min. Helium was used at a flow rate of 2.2 mL/min. The operating conditions for 
pyrimethanil were: the oven temperature was initially set at 70°C for 1 min, then increased 
at a rate of 25°C/min to 150°C, then increased at a rate of 3°C/min to 200 °C and finally 
increased at a rate of 20°C/min to 280 °C, at which it was held for another 10 min. Helium 
was used at a flow rate of 2.2 mL/min. The MSD source (held at 230°C) was operated in 
electron ionization mode, while the mass filter quadrupole (held at 150 °C) was operated in 
selective ion monitoring mode. Selected ions for chlorpropham (m/z: 43 and 127) 
fenpropimorph (m/z: 128 and 303) and pyrimethanil (m/z: 198 and 199) allowed for the 
quantification of target compounds. The injector and GC-MSD transfer line were operated at 
240 and 270°C, respectively. 
  




Air sampling was performed after the application of crop protection products in several 
vegetable greenhouses. The concentrations of the different active substances in the air were 
determined for the first few hours following application and for up to four days after 
application. The results are presented in the following paragraphs. 
 
3.1 TRIAL 1: VOLATILISATION OF CHLORPROPHAM FROM SOIL 
The chlorpropham concentrations measured in the greenhouse air (in µg/m3) are plotted as 
a function of time (in hours after application) in Figure 6-2. As sampling locations B, C and D 
were all located in the centre of the greenhouse, the average concentrations across these 
locations were calculated and plotted in Figure 6-2 and reported in Table 6-3. The highest 
concentrations of chlorpropham were measured one hour after application. At both 
sampling heights, a maximum concentration of approximately 10 µg/m³ was measured in 
the centre of the greenhouse. The next days, the concentrations decreased until all samples 
were below the limit of quantification on the fourth day. 
 
 
Figure 6-2 Measured concentrations of chlorpropham in greenhouse air after application to bare soil 
in a lettuce greenhouse.  
 
The overall trend in measured concentrations corresponded well with the temporal 
temperature pattern inside the greenhouse, illustrated in Figure 6-3. The levels of 




afternoon when temperatures were also higher. On the second day after application, when 
there was a big temperature difference between the morning and the afternoon, the 
concentrations in the air also increased for all locations except for the low sampling height at 
location E where concentrations had already dropped below the LOQ. The temperature 
increased with 26% (from 22.3°C in the morning to 28.2°C in the afternoon), whereas the 
concentrations increased with at least 50%. At location A, the concentrations in the air went 
from 3.44 µg/m³ in the morning to 5.66 µg/m³ in the afternoon (increase of 65%) at 1.5 m 
and from 3.89 to 5.96 µg/m³ (increase of 53%) at 0.5 m. Similarly, the concentrations 
increased from 1.21 to 1.85 µg/m³ at the high sampling height (increase of 53%) and from 
1.59 to 3.07 µg/m³ (increase of 93%) at the low sampling height in the centre of the 
greenhouse. These results are in agreement with the general view that temperature is an 
important factor affecting volatilisation. 
 
 
Figure 6-3 Temperature in °C (full line) and window opening in % (dotted line) during the greenhouse 
volatilisation experiments. 
 
As the windows of the greenhouse were partially open throughout the experiment, the 
window settings were also plotted in Figure 6-3. For each window setting, the corresponding 
ventilation rate was estimated using the data generated by the ventilation rate experiments. 
On the first and second days after application, the windows of the greenhouse were partially 
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open during sampling, resulting in estimated ventilation rates between 2.8 and 3.3 h-1. The 
concentrations of chlorpropham were low, but still detectable. On the following days, 
ventilation rates were lower (approximately 1.4 - 2.3 h-1), but this was not reflected in higher 
greenhouse concentrations (Figure 6-2). Instead, Table 6-3 shows that many samples were 
below the limit of quantification, which suggests that chlorpropham was no longer available 
for volatilisation due to competing processes such as degradation or adsorption to the soil.  
The sampling height did not seem to have a considerable effect on the measured 
concentrations. The biggest difference was observed for location A during the first sampling 
period (Chigh = 9.43 µg/m
3; Clow = 2.20 µg/m
3), but the difference in concentration was 
usually less than 1 µg/m3, as can be seen in Table 6-3. The difference observed for location A 
may have been the result of small airborne spray droplets still present in the greenhouse air. 
Although this theory cannot be verified, it seems to be a possible explanation as this 
difference between sampling heights was only observed during the first sampling period 
after application. 
The location within the greenhouse had a more noticeable effect on the measured 
concentrations. On the days after application, the concentrations measured at sampling 
location A were generally the highest. Figure 6-1 illustrates that sampling point A was 
located in a corner of the greenhouse opposite the door where there was likely to be little 
air circulation. Similarly, the concentrations measured at location E were the lowest because 




Table 6-3 Measured air concentrations of chlorpropham after application to bare soil in a lettuce greenhouse1 (values given as averages ± standard 
deviations for sample sizes > 2). 
Trial 1: lettuce 
Sampling 
period 
Concentration of chlorpropham in air (µg/m3) 
1.5 m 0.5 m 
A B - D E A B - D E 
Day 0 1 9.43  3.94 (1/2) ND (1/1) 2.20  2.28 (1/2) 3.30  
2 1.34  4.31  NQ (1/1) 1.99  3.31  1.11  
3 8.56  9.60  7.2  8.96  10.89  5.98  
4 NS NS NS NS NS NS 
Day 1 1 3.00  2.19 ± 1.66 (1/6) 2.07  2.92  2.51 ± 1.16  2.17  
2 4.23  1.81 ± 1.19 (1/6) NQ (1/1) 4.18  2.14 ± 0.68  1.74  
Day 2 1 3.44  1.21 ± 0.95 (2/6) NQ (1/1) 3.89  1.59 ± 0.49  NQ (1/1) 
2 5.66  1.85 ± 1.90 (3/6) 4.93  5.96  3.07 ± 1.68 (1/6) NQ (1/1) 
Day 3 1 NA  ND/Q (6/6) ND (1/1) 2.91  ND/Q (6/6) NQ (1/1) 
2 3.04  ND/Q (6/6) NQ (1/1) 3.59  0.60 ± 0.63 (5/6) NQ (1/1) 
Day 4 1 NQ (1/1) ND/Q (6/6) ND (1/1) ND (1/1) ND/Q (6/6) ND (1/1) 
2 ND (1/1) ND/Q (6/6) ND (1/1) NQ (1/1) ND/Q (6/6) ND (1/1) 
1
If one or more replicate samples were below the LOD or LOQ, the number of replicates below the LOD/LOQ and the total number of replicates are given between brackets.  
ND = non-detectable, NQ = non-quantifiable, NS = not sampled, NA = not available. 
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3.2 TRIAL 2: VOLATILISATION OF FENPROPIMORPH AND PYRIMETHANIL FROM A TOMATO CROP IN A 
GREENHOUSE WITH LEAKAGE VENTILATION 
About an hour after application, fenpropimorph reached a maximum concentration of 
104.40 ± 20.18 µg/m3 at the centre of the greenhouse. In the following hours, the 
concentrations measured at this location decreased to approximately 80 µg/m3 (Figure 6-4 
and Table 6-4). At the greenhouse aisle, concentrations reached a maximum of 18.65 ± 4.60 
µg/m3 and subsequently decreased to about 6 µg/m3.  
The fenpropimorph concentrations at both sampling heights were very similar, except for 
the concentrations measured just after application in the centre of the greenhouse. During 
the first sampling period after application, the concentrations were overall higher at 2.5 m 
(64.9 ± 18.5 µg/m3) than at 1.5 m (40.2 ± 5.9 µg/m3). During the subsequent sampling 
period, the average concentration was slightly higher at 1.5 m (104.4 ± 20.2 µg/m³) than at 
2.5 m (87.6 ± 30.7 µg/m³). The reason for this difference between sampling heights is not 
very clear. Like trial 1, it is possible that there were still some small spray droplets suspended 
in the air which were still settling down when the air sampling started. However, this theory 
does not seem to be supported by the results obtained for pyrimethanil because the 
concentrations found for pyrimethanil were higher at 2.5 m than at 1.5 m for both sampling 
periods. For the remainder of the sampling periods, there seemed to be a good agreement 
between the concentrations found at both sampling heights, but this is not surprising as 
there should be an even spread of the active substance across the canopy. This assumption 
was later confirmed by the leaf samples taken during experiments 3 and 4. The standard 
deviations of the leaf residue results, presented in Table 6-6, indicate that the active 
substance was indeed uniformly spread across the crop.  
On the days after application, volatilisation still took place but the concentrations in the 
greenhouses showed a further decrease, as demonstrated in Figure 6-4. The concentrations 
of fenpropimorph seemed to vary with the greenhouse temperature. The effect of the 
greenhouse temperature on the volatilisation rate was most pronounced for fenpropimorph 
on the first day after application when there was a big temperature difference between 
morning and afternoon (Figure 6-3). The temperature increased from 20.4°C in the morning 
to 25.5°C in the afternoon, while the concentrations in the centre of the greenhouse 
increased from approximately 2 µg/m3 to 20 µg/m3 (Table 6-4). Table 6-5 shows that the 
highest concentration of pyrimethanil (17 ± 2 µg/m3) was measured three hours after its 
application at the centre of the greenhouse. Samples taken at the greenhouse aisle were 
generally below 1 µg/m3. Again, the concentrations of pyrimethanil seemed to fluctuate with 
the greenhouse temperature during the days following application. Similar to 
fenpropimorph, the concentrations of pyrimethanil increased from 3 µg/m3 in the morning 




The concentrations of fenpropimorph were higher than those measured for pyrimethanil. 
This is partially due to the difference in vapour pressure. The vapour pressure of 
fenpropimorph is higher than that of pyrimethanil (Table 6-2), so fenpropimorph is expected 
to volatilize more than pyrimethanil. The difference in measured concentrations is however 
greater than would be expected based on the vapour pressure alone. This suggests that 
other factors such as the formulation and competing processes may influence the 
volatilization of the active substances. Therefore, leaf samples were taken during the 
following experiments to study the amount of substance in and on the leaves after 
application. 




Figure 6-4 Measured concentrations of fenpropimorph and pyrimethanil in greenhouse air after application to a tomato or cucumber crop. Note the 




Table 6-4 Measured air concentrations of fenpropimorph after application to a tomato or cucumber 
crop1 (values given as averages ± standard deviations). 
Sampling period Centre – 2.5 m Aisle – 2.5 m Centre – 1.5 m Aisle – 1.5 m 
Concentration of fenpropimorph in air (µg/m³) 
Trial 2: tomato 
Day 0 1 64.94 ± 18.52   11.97 ± 3.26  40.25 ± 5.95  8.29 ± 2.49  
2 87.64 ± 30.67   18.65 ± 4.60  104.40 ± 20.18  12.23 ± 5.92  
3 80.48 ± 16.63  8.89 ± 2.89  88.21 ± 20.54  12.88 ± 4.19  
4 80.17 ± 10.64  6.25 ± 3.30  73.83 ± 8.57  6.62 ± 4.23  
Day 1 1 2.40 ± 0.31  1.58 ± 0.90  2.24 ± 0.12  1.86 ± 0.63  
2 22.69 ± 1.72  2.75 ± 1.31  20.38 ± 1.29  2.95 ± 0.40  
Day 2 1 5.00 ± 0.95  1.18 ± 0.98  4.56 ± 0.19  1.49 ± 0.89  
2 16.89 ± 2.89  1.21 ± 0.99  14.17 ± 2.21  1.22 ± 0.45  
Day 3 1 2.33 ± 0.34  1.15 ± 0.17  2.33 ± 0.41  1.09 ± 0.42  
2 2.31 ± 0.72  1.58 ± 0.34  2.63 ± 0.48  1.49 ± 0.11  
Trial 3: cucumber 
Day 0 1 11.87 ± 3.64  0.18 ± 0.11 (1/4) 9.48 ± 1.18  0.07 ± 0.08 (3/4) 
2 9.06 ± 1.22  0.06 ± 0.07 (2/4) 33.91 ± 34.82  NQ (4/4) 
3 12.95 ± 4.23  0.06 ± 0.01  6.68 ± 1.82  0.09 ± 0.06  
4 13.57 ± 2.64  1.07 ± 1.88  5.69 ± 1.16  11.17 ± 15.71  
Day 1 1 1.22  ± 0.40  0.04 ± 0.01  0.74 ± 0.19  0.04 ± 0.01  
2 1.02 ± 0.36  0.04 ± 0.01  0.63 ± 0.05  0.04 ± 0.01  
Day 2 1 1.01 ± 0.10  0.05 ± 0.01  0.87 ± 0.09  1.67 ± 3.30  
2 3.09 ± 3.88  0.04 ± 0.01  1.65 ± 1.61  0.11 ± 0.11  
Day 3 1 0.90 ± 0.16  0.04 ± 0.01  0.61 ± 0.38 (1/4) 0.06 ± 0.00  
2 1.06 ± 0.12  0.04 ± 0.00  1.13 ± 0.38  0.07 ± 0.02  
Trial 4: cucumber 
Day 0 1 22.40 ± 3.68  3.08 ± 0.59  14.72 ± 2.75  3.35 ± 0.97  
2 18.24 ± 2.21  3.17 ± 0.37  13.22 ± 9.43  3.18 ± 0.65  
3 10.05 ± 2.69  2.46 ± 0.71  7.07 ± 1.11  2.15 ± 0.87  
4 1.34 ± 1.11 (1/3) ND (4/4) 0.89 ± 1.01 (2/4) ND (4/4) 
Day 1 1 ND (4/4) ND (4/4) 0.42 ± 0.80 (3/4) ND (4/4) 
2 ND (4/4) 0.03 ± 0.03 (1/4) ND (4/4) 0.06 ± 0.01  
Day 2 1 ND/Q (4/4) 0.10 ± 0.03  ND/Q (4/4) 0.12 ± 0.05  
2 0.62 ± 0.41 (1/4) 0.13 ± 0.01  ND (4/4) 0.17 ± 0.10  
Day 3 1 0.24 ± 0.45 (3/4) ND (4/4) ND (4/4) ND (4/4) 
2 ND/Q (4/4) ND (4/4) 0.24 ± 0.40 (3/4) ND (4/4) 
1
Where applicable, the number of replicates below the LOD/LOQ and the total number of replicates are given 
between brackets.  
ND = non-detectable, NQ = non-quantifiable. 
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Table 6-5 Measured air concentrations of pyrimethanil after application to a tomato or cucumber 
crop1 (values given as averages ± standard deviations). 
Sampling 
period 
Centre – 2.5 m Aisle – 2.5 m  Centre – 1.5 m  Aisle – 1.5 m 
Concentration of pyrimethanil in air (µg/m³) 
Trial 2: tomato 
Day 0 1 4.35 ± 2.84  0.38 ± 0.14  1.01 ± 1.44 (1/3) 0.29 ± 0.07  
2 10.36 ± 3.81  1.00 ± 0.41  6.56 ± 2.54   0.95 ± 0.49  
3 10.78 ± 3.32  0.36 ± 0.20  8.40 ± 3.02  0.55 ± 0.33  
4 16.25 ± 1.29  0.28 ± 0.22  17.26 ± 1.91  0.15 ± 0.12 (1/4) 
Day 1 1 3.52 ± 0.71  0.04 ± 0.02  2.65 ± 0.59  0.05 ± 0.03  
2 12.78 ± 0.47  3.84 ± 0.04  (1/3) 11.22 ± 0.58  0.07 ± 0.06 (1/4) 
Day 2 1 0.29 ± 0.19  0.01 ± 0.02 (2/3) 0.80 ± 0.51  0.01 ± 0.00  
2 0.90 ± 0.30  0.02 ± 0.03 (1/4) 0.52 ± 0.19  0.01 ± 0.00 (1/4) 
Day 3 1 0.28 ± 0.05  NQ (3/3) 0.35 ± 0.08  NQ (4/4) 
2 0.27 ± 0.08  0.02 ± 0.01 (0/4) 0.26 ± 0.09  0.01 ± 0.00 (1/4) 
Trial 3: cucumber 
Day 0 1 ND (4/4) 0.23 ± 0.28 (2/4) 593.89 ± 274.27  0.92 ± 1.62 (1/4) 
2 134.62 ± 154.41 (1/4) 0.22 ± 0.13  84.71 ± 138.41 (2/4) 1.13 ± 0.49  
3 5.67 ± 3.82  1.87 ± 0.94  121.20 ± 108.41  3.82 ± 1.20  
4 26.55 ± 12.50  2.70 ± 0.51  38.29 ± 13.02  5.67 ± 4.37  
Day 1 1 NQ (3/3) 0.17 ± 0.05  0.43 ± 0.45 (2/4) 0.28 ± 0.04  
2 ND/Q (4/4) 0.06 ± 0.02  NQ (4/4) 0.12 ± 0.02  
Day 2 1 NQ (4/4) 0.17 ± 0.08  ND/Q (4/4) 0.12 ± 0.04  
2 ND/Q (4/4) 0.34 ± 0.04  NQ (4/4) 0.94 ± 0.61  
Day 3 1 ND/Q (4/4) 0.39 ± 0.03  ND (4/4) 0.76 ± 0.18  
2 5.71 ± 6.63 (1/4) 0.12 ± 0.04  1.92 ± 1.62 (1/4) 0.40 ± 0.07  
Trial 4: cucumber 
Day 0 1 NQ (4/4) 1.26 ± 0.16  NQ (4/4) 1.54 ± 0.29  
2 3.44 ± 2.12 (1/4) 1.04 ± 0.08  ND/Q (4/4) 1.30 ± 0.33  
3 3.23 ± 0.67  1.68 ± 0.58  1.47 ± 0.97 (1/4) 1.26 ± 0.84  
4 6.73 ± 0.51  0.25 ± 0.07  1.65 ± 3.25 (3/4) 0.28 ± 0.14  
Day 1 1 ND (4/4) 0.37 ± 0.16  ND (4/4) ND (4/4) 
2 ND (4/4) 0.23 ± 0.14  ND (4/4) 0.25 ± 0.03  
Day 2 1 ND (4/4) 0.03 ± 0.02 (1/4) ND (4/4) 0.03 ± 0.02 (1/4) 
2 ND (4/4) 0.03 ± 0.02 (2/4) ND (4/4) 0.05 ± 0.03 (1/4) 
Day 3 1 ND (4/4) ND (4/4) ND (4/4) ND (4/4) 
2 ND (4/4) ND/Q (4/4) ND (4/4) ND (4/4) 
1
Where applicable, the number of replicates below the LOD/LOQ and the total number of replicates are given 
between brackets.  




3.3 TRIAL 3: VOLATILISATION OF FENPROPIMORPH AND PYRIMETHANIL FROM A CUCUMBER CROP IN A 
GREENHOUSE WITH LEAKAGE VENTILATION 
Unexpectedly high concentrations of pyrimethanil (594 ± 274 µg/m³) were found at 1.5 m 
height in the centre of the greenhouse within the first hour after application (Table 6-5). It is 
unlikely that the sampling set-up was the cause of these high concentrations as all four 
replicates showed high concentrations (range: 385 - 969 µg/m³) and no abnormalities (such 
as a contamination of the tubing with spraying solution) were observed during sampling. 
Another possibility is that there was a deposit of spraying solution on the plastic-covered 
floor close to the sampling location. Volatilisation of these residues may have contributed to 
the high concentrations in air observed at this location. This would not only explain why 
these high concentrations were mainly found at the lower sampling height but also why such 
high concentrations were not observed for fenpropimorph (Cmax = 34 ± 35 µg/m³). 
Volatilisation from wet deposits is governed by the Henry’s law constant, a measure for the 
affinity of a substance for the gas phase compared to the aqueous phase. Since pyrimethanil 
has a higher Henry’s law constant (Table 6-2), it has a higher potential for volatilisation from 
aqueous solutions than fenpropimorph.  
On the days after application, many of the samples taken at the centre of the greenhouse 
were below the limit of quantification for pyrimethanil (Table 6-5), suggesting that 
pyrimethanil was no longer available for volatilisation. In contrast, measurable 
concentrations (< 1 µg/m3) were still found at the aisle location during all sampling periods. 
Handling of the backpack sprayer before and after spraying was done at the greenhouse 
aisle and may have resulted in a deposit of spraying liquid on the aisle floor. Volatilisation of 
these residues may have contributed to the continued volatilisation observed at this 
location. Volatilisation of fenpropimorph continued at a much lower rate on the days after 
application, resulting in concentrations which were generally below 2 µg/m3 for the centre 
location and below 1 µg/m3 for the aisle location (Table 6-4).  
Leaf samples were taken to evaluate the amount of fenpropimorph and pyrimethanil 
present on and in the treated crop. By assuming a crop interception factor of 0.70 (based on 
the values used for tomatoes by FOCUS (2008)) and a leaf area index of 3 (Katsoulas et al., 
2012), the leaf residues were also expressed as a percentage of the initial net dosage of 
active substance (% of a.s.). However, these values are based on a number of assumptions 
and are therefore only indicative. The results are presented in Table 6-6 as averages ± 
standard deviations. Nonetheless, these values suggest that the amount of active substance 
still present on the crop on the second and fourth day after application was probably low: 
respectively 1.5 and 0.6% of a.s. for fenpropimorph and 11.5 and 6.8% of a.s. for 
pyrimethanil. These low levels resulted in low volatilisation rates on the days after 
application. Although residues were low, concentrations in air could build up somewhat 
because of the fact that there was little ventilation (only leakage losses). For both sampling 
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periods, less fenpropimorph was present on the crop compared to pyrimethanil. This is in 
agreement with the expectations based on the vapour pressure (Table 6-2): fenpropimorph 
is more volatile, so fewer residues remain on the crop. Nonetheless, other factors such as 
the rate of degradation and penetration into the crop may also have played a role in the 
observed difference in residue levels between fenpropimorph and pyrimethanil. 
 
Table 6-6 Residues of fenpropimorph and pyrimethanil in and on the cucumber leaves1.  
 Fenpropimorph Pyrimethanil 
Trial 3 µg/cm² % of a.s. µg/cm² % of a.s. 
day 2 
(n = 6) 
on leaves 0.010 ± 0.002 1.5 ± 0.3 0.083 ± 0.019 11.5  ± 2.7 
in leaves 0.026 ± 0.007 3.6 ± 1.0 0.037 ± 0.008 5.1 ± 1.1 
day 4 
(n = 7) 
on leaves 0.005 ± 0.000 0.6 ± 0.0 0.049 ± 0.012 6.8 ± 1.7 
in leaves 0.017 ± 0.005 2.3 ± 0.7 0.038 ± 0.012 4.7 ± 2.5 
Trial 4 µg/cm² % of a.s. µg/cm² % of a.s. 
day 1 
(n = 5) 
on leaves 0.021 ± 0.003 2.9 ± 0.3  0.129 ± 0.020 17.8 ± 2.7 
in leaves 0.029 ± 0.003 4.1 ± 0.4 0.050 ± 0.004 6.8 ± 0.6 
day 4 
(n = 6) 
on leaves 0.023 ± 0.001 3.2 ± 0.1 0.068 ± 0.004 9.4 ± 0.5 
in leaves 0.044 ± 0.003 6.1 ± 0.5 0.093 ± 0.010 12.8 ± 1.4 
1
Residues are expressed as µg/cm
2
 of leaf surface area and as a percentage of the initial amount of intercepted 
active substance (mean ± standard deviation). 
 
As fenpropimorph and pyrimethanil are systemic substances, both showed penetration into 
the leaves. After two days, fenpropimorph and pyrimethanil were found inside the leaves at 
levels of respectively 0.026 ± 0.007 µg/cm² and 0.037 ± 0.008 µg/cm². After four days, the 
levels inside the leaves were 0.017 ± 0.005 µg/cm² for fenpropimorph and 0.038 ± 0.012 
µg/cm² for pyrimethanil. These results confirm that penetration into the crop is a competing 
process for volatilisation. For both substances, the residues found on the leaves declined 
considerably from the second to the fourth day after application: from 0.010 ± 0.002 µg/cm² 
to 0.005 ± 0.000 µg/cm² for fenpropimorph and from 0.083 ± 0.019 µg/cm² to 0.049 ± 0.012 
µg/cm² for pyrimethanil. Nonetheless, low volatilisation rates were observed inside the 
greenhouse, especially for pyrimethanil, suggesting that not only volatilisation but also 
transformation of the active substances may have taken place.  
 
3.4 TRIAL 4: VOLATILISATION OF FENPROPIMORPH AND PYRIMETHANIL FROM A CUCUMBER CROP IN A 
GREENHOUSE WITH VENTILATION 
During this experiment, the climate control system was allowed to set the ventilation regime 
based on temperature measurements taken inside the greenhouse (Figure 6-3). As a result, 




2. Despite the higher temperatures, the concentrations measured just after application were 
not considerably higher than those found in trial 3. The higher ventilation rates during this 
experiment probably counteracted the positive effect of the higher temperatures on the 
volatilization rates. The concentration of fenpropimorph reached a maximum of 22.40 ± 3.68 
µg/m3 shortly after application, but quickly decreased to levels below 3 µg/m2 (Table 6-4). 
For pyrimethanil, the concentrations were overall low: a maximum concentration of 6.73 ± 
0.51 µg/m3 was observed approximately 6 hours after application.  
The effect of the greenhouse ventilation was more apparent on the days after application: 
the concentrations of both substances were either very low (< 1 µg/m3) or below the limit of 
detection. Thus, ventilation of the greenhouse contributed to the decrease in concentrations 
of both substances to low levels, especially on the days after application. 
For fenpropimorph, the amount of residue found on the cucumber leaves was 0.021 ± 0.003 
µg/cm² for the first day after application and 0.023 ± 0.001 µg/cm² and the fourth day after 
application. This corresponded with approximately 3% of the applied amount of substance 
(Table 6-6). At the same time, the amount of fenpropimorph inside the leaves increased 
from 0.029 ± 0.003 µg/cm² to 0.044 to 0.003 µg/cm². The amount of pyrimethanil on the 
crop decreased from 0.129 ± 0.020 µg/cm² to 0.068 ± 0.004 µg/cm², whereas the amount of 
pyrimethanil inside the crop increased from 0.050 ± 0.004 µg/cm² to 0.093 ± 0.010 µg/cm². 
Hence, penetration into the crop contributed for a large part to the dissipation of the 
substance on the crop surface. The low levels of crop residues resulted in low volatilisation 
rates and ventilation of the greenhouse most likely caused the concentrations to drop below 
quantifiable levels. 
The residue levels found in trials 3 and 4 were overall low, especially when expressed as a 
percentage of the applied amount of substance. A comparison between both trials showed 
that the measured levels were within the same order of magnitude, but those found for trial 
4 were always somewhat higher than those found in trial 3. This is most likely a result of the 
different conditions between both trials. Factors such as the ventilation regime, relative 
humidity, temperature pattern and even leaf wetness may not only have affected the 
volatilisation rate but also the rate of the competing processes of penetration into the crop 
and degradation. As a result, different residue levels were obtained for both trials even 
though the same substances were applied at the same rate on the same crop type.  
 
4 DISCUSSION AND CONCLUSIONS 
In this study, measurable concentrations of chlorpropham, fenpropimorph and pyrimethanil 
were found in the air for up to 4 days after application. Overall, the sampling height seemed 
to have little effect on the measured concentrations. In some cases however, a difference 
between the sampling heights was observed just after application. It is possible that the 
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prolonged presence of small airborne spray droplets caused this difference, but this could 
not be confirmed nor rebutted in the present study. The difference between sampling 
locations was much more appreciable: concentrations observed within the treated crop 
were generally higher than those observed at the greenhouse aisle.  
After application to bare soil, the concentrations of chlorpropham in the greenhouse air 
were detectable during the first three days of the experiment. On the following days, many 
of the samples were below the LOD or LOQ. It was hypothesized that chlorpropham was no 
longer available for volatilisation due to competing processes such as degradation and 
adsorption. No soil samples were taken to investigate whether the applied chlorpropham 
had adsorbed to the soil or whether metabolites were present in the soil. However, the 
available literature data seems to confirm this hypothesis. Chlorpropham has an absorption 
coefficient (KOC) range between 260 and 480 L/kg and can therefore be classified as a 
moderately mobile substance (DG SANCO, 2014; FAO, 2000). This suggests that 
chlorpropham may indeed absorb to the soil. This is also confirmed by the experimental 
work conducted by Tirmazi (1998). Furthermore, with a soil half-life time between 22 and 27 
days, chlorpropham is also considered to be fairly degradable, which confirms that 
degradation may indeed have taken place (DG SANCO, 2014; FAO, 2000). 
 After application to tomato and cucumber plants, the concentrations of pyrimethanil and 
fenpropimorph were highest during the first hours after application and showed a 
considerable decrease in the days after application. A similar pattern has been observed for 
outdoor as well as indoor conditions in other volatilisation studies (Katsoulas et al., 2012; 
Leistra et al., 2006; Staimer et al., 1996). After application of fenpropimorph to summer 
barley in a laboratory chamber, Staimer et al. (1996) reported an increase in volatilisation 
within 24 hours after application, followed by a decrease until volatilisation was almost 
complete after 48 hours, even though there was still residue present on the crop. A similar 
volatilisation process has been observed by Leistra et al. (2006) after application of 
chlorpyrifos and fenpropimorph to a potato crop during an outdoor field experiment. For 
both substances, the highest concentrations in the air were found during the first sampling 
period after application (chlorpyrifos: 14.55 µg/m3; fenpropimorph: 2.78 µg/m3). After that, 
the concentrations only decreased. Fenpropimorph was no longer detectable on the days 
after application, whereas chlorpyrifos was still found on the sixth day after application, 
albeit in very low concentrations (< 0.0255 µg/m3). Katsoulas et al. (2012) measured the 
concentration of pyrimethanil in greenhouse air after its application to a tomato crop. The 
greenhouse windows were kept closed during the first 20 hours after application after which 
ventilation took place when the greenhouse air temperature was higher than 25°C. The daily 
mean temperature (averaged over 24 hours) was approximately 18°C. The concentrations 
reached a maximum of 1376 µg/m3 just after application, but quickly dropped to 24 - 27 
µg/m3 within 2 hours after application. The days after spraying, the concentrations further 




conclusion, this study and other studies have demonstrated that volatilisation from plants is 
often characterized by an initial fast rate, followed by a continued slow rate. 
Volatilisation of the applied substances is not the only process taking placing in the plant 
environment after application. Competing processes such as penetration into the crop may 
take place and limit the volatilisation of the substances. In this study, analysis of cucumber 
leaf samples showed that low amounts of fenpropimorph and pyrimethanil residues were 
present on the leaves on the days after application. Some of the residues could however be 
found inside the leaves. Penetration into the crop and transformation of the active 
substances were considered to be important competing processes for volatilisation after 
application to plants, which is consistent with the results obtained by other authors. 
Katsoulas et al. (2012) measured the amount of pyrimethanil found in the different 
compartments of a tomato greenhouse after application with a low volume sprayer. 
Immediately after application, 92% of the applied pyrimethanil could be traced back: 61% on 
the crop, 10% on the walls and the roof, 14.7% on the ground and 6.2% in the air. After four 
days, only 40% (25% on the crop, 2% on the walls and the roof, 1% on the ground and 12% in 
the air) could still be accounted for. It was assumed that the remaining 52% (= 92% - 40%) 
had degraded. In this study, approximately 12% and 22% of the net amount of applied 
pyrimethanil was estimated to be still present on the crop after four days during experiment 
3 and 4, respectively. These results compare quite favourably with the 25% found in the 
study by Katsoulas and his colleagues. Staimer et al. (1996) used 14C-labelled fenpropimorph 
in volatilisation experiments with summer barley in a laboratory chamber to set up a 
detailed mass balance after application. Outdoor environmental conditions were simulated 
inside the volatilization chamber by controlling the air temperature (7-23°C) and humidity, 
wind speed, light intensities and irrigation. Four days after application, 18.4 to 23.4% of the 
applied radioactivity was still present on the plants, but at least 60% consisted of 
metabolites such as fenpropimorphic acid. This is in good agreement with the results from 
this study, even though the experiments were performed in greenhouses. In a study by 
Ophoff et al. (1999), 14C-labelled fenpropimorph was applied to dwarf beans and radishes in 
wind tunnel experiments. In short, the plants were transferred from the open field to the 
wind tunnel before the start of the experiments. The climate inside the wind tunnel was 
controlled to reflect outside conditions, resulting in an average air temperature of 26.8°C for 
bean 1, 21.3°C for bean 2, 23.1°C for radish 1 and 15.3°C of radish 2. The duration of each 
experiment was different, making it hard to make a comparison between the experiments. 
Nonetheless, volatilisation had stopped within 90 hours after application for all experiments, 
even though there was still residue present on the plants: 18.2% after 90 h for bean 1, 26.5% 
after 186 h for bean 2, 35.2% after 92 h for radish 1 and 35.4% after 122 h for radish 2. 
However, no distinction was made between residues present on the crop surface and 
residues penetrated into the crop, nor between parent compound and metabolites. To 
summarize, this study and other studies have demonstrated that competing processes such 
as degradation and plant penetration need to be considered when studying volatilisation.  
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In this study, the highest concentrations of pyrimethanil and fenpropimorph were found in 
the greenhouse air in the first few hours after application to the crop. On the days following 
application, the concentrations were overall low and greenhouse ventilation seemed to 
enhance this decrease in concentrations. Ventilation caused the concentrations of 
fenpropimorph and pyrimethanil to drop to very low levels (< 1 µg/m³) or even to levels 
below the limit of detection during experiment 4. A similar observation has been made by 
Katsoulas et al. (2012) in a volatilisation study in a tomato greenhouse. In their study, the 
concentration of pyrimethanil dropped to levels below 12 µg/m3 after venting the 
greenhouse 20 hours after application. Both Giles et al. (1995) and Liesivuori et al. (1988) 
suggested mitigating inhalation exposure by performing the application at the end of the 
workday and venting the greenhouse before workers arrived the following day. This strategy 
caused the concentrations to drop to acceptable levels after a fogging application in their 
case studies and can only be confirmed by the results from this study. Even though 
ventilation of the greenhouse may lower the inhalation exposure of re-entry workers, 
workers may still be exposed to the residues still present on the crop. Although a risk 
assessment for inhalation and dermal exposure of re-entry workers is beyond the scope of 
this paper, the data from this study can be used to estimate re-entry exposure to 
fenpropimorph and pyrimethanil. 
The concentrations of fenpropimorph and pyrimethanil were found to follow a diurnal 
pattern on the days after application during experiment 1 and 2: the concentrations were 
generally higher in the afternoon when temperatures were also higher. Despite this diurnal 
pattern, the concentrations measured on the days following application never reached the 
concentrations found just after application. Ophoff et al. (1999) also reported a diurnal 
pattern in the volatilisation of fenpropimorph after application to dwarf beans, radishes and 
sugar beets in a glass wind tunnel.  
With exception of the relatively high concentrations of pyrimethanil measured during 
experiment 3, fenpropimorph showed higher volatilisation losses than pyrimethanil. This is 
in line with the expectations based on the vapour pressures of the substances (Table 6-2). 
The vapour pressure can give a first indication of the volatilisation potential of a substance 
but it doesn’t take account of other factors such as the prevailing weather conditions or 
competing processes. This is also underlined by the results obtained in this study. The 
difference in measured concentrations between fenpropimorph and pyrimethanil is higher 
than would be expected based on vapour pressure alone. Firstly, the vapour pressures listed 
in Table 6-2 are only applicable to the active substance and not to the formulated product. 
Additives present in the formulation may have influenced the volatilisation rates of the 
studied active substances. Secondly, the competing processes also play an important role. 
The leaf residue samples demonstrate that pyrimethanil shows higher penetration rates into 
the crop than fenpropimorph, leaving less pyrimethanil available for volatilisation. The 




pressure of the active substance, but that it may also be influenced by the formulation and 
competition with other processes taking place in the plant environment. 
Pesticide fate models such as the PEARL model can be used to calculate volatilisation from 
plant surfaces, while taking account of the concurrent processes. The basic concept of the 
PEARL model is the diffusion of the active substance through a laminar air-boundary layer. 
This diffusion is driven by the difference between the concentration in the air at the leaf 
surface and the concentration in the air just outside the boundary layer (Leistra & Wolters, 
2004; Leistra & van den Berg, 2007; Leistra et al., 2005). 
Leistra and Wolters (2004) suggested using two mass conservation balances to describe the 
volatilisation process from plants: one for a well exposed deposit (initial fast volatilisation) 
and one for a poorly exposed deposit (continued slow volatilisation). However, it is difficult 
to determine rate coefficients for phototransformation and penetration into the plants for 
both deposit classes. In addition, the contribution of these deposit classes to the 
volatilisation process is not well understood. Wind tunnel experiments, where volatilisation 
from the different deposit classes is mimicked by varying the wind speed at crop level, may 
contribute to a better understanding of the volatilisation process. 
Computational models and experimental work will both be helpful to extend the current 
knowledge about volatilisation of PPPs under varying conditions. Recently, the PEARL model 
has been extended to include volatilisation under glasshouse conditions. As this study has 
been performed with the data requirements for the extended PEARL model in mind, the 
results from this study could be used to test the model calculations against measured PPP 
concentrations in greenhouse air. Such a study may expose possible model improvements or 













DEVELOPMENT OF THE PEARL MODEL FOR 
 INDOOR VOLATILISATION FROM PLANT SURFACES 
 
 
This chapter presents the work that has been done to develop a model for estimating PPP 
concentrations in greenhouse air as a result of volatilisation from the plant. This work was 
divided into three steps: 1) model development, 2) a sensitivity analysis and 3) a comparison 
between the model predictions and the measured concentrations from Chapter 6. 
 
1 INTRODUCTION 
After spraying a PPP onto the plant, various processes influence the subsequent fate of the 
PPP. Depending on the physico-chemical properties of the substance and the weather 
conditions, the relative contribution of processes such as leaching, transformation and 
volatilization to the overall fate will differ. The volatilization process from plant surfaces is 
simulated with an improved version of the PEARL model (Leistra et al., 2001). To model the 
vapour concentrations under outdoor conditions, the PEARL emission model was coupled to 
the atmospheric dispersion model OPS (van Jaarsveld, 2004). Chapter 4 provides more 
information about how the coupled PEARL-OPS model is used within the BROWSE worker 
exposure model. 
The currently used PEARL model has been developed to assess the fate of PPPs in the soil-
plant system under outdoor conditions. In the process descriptions for volatilisation, it is 
assumed that the concentration in the air above the crop is zero, so the concentration 
gradient is always the maximum possible under the prevailing meteorological conditions. In 
greenhouse systems, the concentration in the glasshouse air can be substantial after 
application to the crop and this will restrict the rate of volatilisation. Therefore, the PEARL 
model concepts for volatilisation were extended to describe the volatilisation behaviour in 
greenhouse systems and to simulate the resulting concentrations in the greenhouse air. 
 
This chapter starts with a description of the development of the PEARL indoor model, 
including details on the model algorithms and the procedure used to select appropriate 
default values. Next, a sensitivity analysis of the newly developed PEARL indoor model was 
performed by varying selected input parameters on a one-by-one basis and comparing the 
corresponding model outputs with the base-case scenarios. Finally, the results of the 




2 MODEL DEVELOPMENT 
2.1 DESCRIPTION OF PROCESSES IN THE PLANT-GREENHOUSE SYSTEM 
In this initial model development, no soil compartment was considered, so only the 
processes on the plant surface and air compartment are relevant. It is assumed that the 
substance enters the greenhouse system via direct application to the crop. After application, 
a part of the applied mass volatilizes into the air. The resulting concentration in air depends 
on the air exchange with the outside atmosphere and the relevant processes inside the 
greenhouse, such as plant penetration and transformation in air.  
The most important processes that have to be taking into account to describe the fate of a 
substance in an indoor plant-air system are volatilisation from the crop, competing 
processes such as plant penetration, transformation in the air and ventilation of the 
greenhouse air to the outside atmosphere. Other processes such as sorption on other 
surfaces were not considered. During further model development, these processes can be 
taken into account if consensus can be reached on the concepts for these processes and the 
required input data are available.   
The algorithms used to describe volatilisation and its competing processes in the PEARL 
model for outdoor applications were considered appropriate for describing the fate of a 
substance after its application under greenhouse conditions as well (van den Berg & Leistra, 
2004; Leistra et al., 2001). The compartment that was added to the PEARL model was a 
single layer air compartment which contains the entire greenhouse air volume. It was 
assumed that the volatilized substance was homogeneously mixed in the entire greenhouse 
air volume. Furthermore, descriptions for the processes of atmospheric degradation and 
ventilation of the greenhouse were added to the PEARL indoor model. 
 
2.1.1 MODEL ALGORITHMS 
The volatilisation of a substance is described by assuming that the substance has to diffuse 
through a laminar air boundary layer before it reaches the greenhouse air. The volatilisation 
flux density depends on the concentration gradient of the substance across the boundary air 








Where: Jvol Volatilisation flux density through boundary air layer (kg/m².d) 
 cg,p Concentration in the gas phase at the plant surface (kg/m
3) 
 ca Concentration in the greenhouse air (kg/m
3) 
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 rb Resistance for transport through boundary air layer (d/m) 
 
After the substance reaches the greenhouse air, it can be degraded by means of 
atmospheric transformation. The rate of transformation of a substance in the greenhouse 
air can be described as: 
 
Jtra= kt,a x  ca EQUATION 28 
 
Where: Jtra Mass rate of transformation in greenhouse air (kg/m
3.d) 
 kt,a Transformation rate coefficient in the greenhouse air (d
-1), calculated 
from the atmospheric half-life time: kt,a = ln(2)/DT50air 
 DT50air Half-life time of substance in air (d) 
 ca Concentration in the greenhouse air (kg/m
3) 
 
Only behaviour of the parent compound is simulated in the air compartment. Metabolites 
are not considered in the model. This is analogous to the simulation of behaviour on the 
plant surface where also only the parent compound is considered.  
 
Ventilation of the greenhouse results in the emission of the substance into the outside air 
and hence lowers the indoor concentrations. This is taken into account by means of the 
greenhouse ventilation rate, which is a measure for the amount of air changes per unit of 
time. The rate of substance emitted to the outside air due to ventilation can be described 
as: 
 
Jven= kven x  ca EQUATION 29 
 
Where: Jven Areic mass rate of exchange of substance with outside air by 
ventilation (kg/m3.d) 
 kven Greenhouse ventilation rate (d
-1) 
 ca Concentration in the greenhouse air (kg/m
3) 
 
The mass conservation equation for the air compartment can be described by taking into 
account the different processes taking place in the greenhouse, i.e. volatilisation, ventilation 













Where: ca Concentration in the greenhouse air (kg/m
3) 
 Agh Area of crop surface in the greenhouse (m²) 
 Jvol Volatilisation flux density through boundary air layer (kg/m
2.d) 
 Vgh Greenhouse air volume (m³) 
 Jven Areic mass rate of exchange of substance with outside air by 
ventilation (kg/m3.d) 
 Jtra Mass rate of transformation in greenhouse air (kg/m
3.d) 
 
The concepts described above have been implemented in the BROWSE PEARL indoor model. 
The model delivers hourly values of the concentration in greenhouse air to evaluate the 
inhalation exposure to workers in greenhouses.  
 
2.2 SELECTION OF DEFAULT VALUES  
The following parameters have been added to the PEARL input file in order to accommodate 
for the changes to the model: ventilation rate (d-1), area of the crop surface in the 
greenhouse (m2), volume of the air in the greenhouse (m3) and atmospheric half-life time 
(d). For each of these parameters, appropriate default values have been suggested based on 
literature data and/or expert judgment. In addition to these parameters, the PEARL indoor 
model requires hourly greenhouse climate data to run. Therefore, an approach based on real 
measured data has been proposed, similar to the one used for the PEARL outdoor model. 
 
2.2.1 ATMOSPHERIC HALF-LIFE TIME 
For the atmospheric half-life time, the default value was set to a high value (1000000 days) 
to approximate that no atmospheric transformation of the substance takes place. This would 
result in a worst-case scenario for the concentrations of the substance in the greenhouse air. 
The model simulations can be refined (e.g. for higher tier assessments) by replacing the 
default value to a substance-specific value.  
 
2.2.2 GREENHOUSE DIMENSIONS 
In 2010, EFSA collected data on the use and characteristics of the different cover structures 
for protected crops in preparation of the new EU guidance document on emission from 
protected crop systems (EFSA, 2010a). Based on their research, EFSA proposed a 
categorization system for the different structure types (Figure 7-1).  
 




Figure 7-1 Categorization of crop protection structures (EFSA, 2010a). 
 
Small cover structures are not accessible to workers and are generally temporary. These 
structures were therefore not considered to be a priority for indoor volatilisation modelling. 
From the remaining walk-in structures, greenhouses can be considered as worst-case 
scenarios for indoor volatilisation as these structures are permanent and closed on all sides. 
Closed buildings were not considered as these are used for crop storage rather than for crop 
cultivation. Two types of greenhouses are commonly used in Europe: multispan greenhouses 
and Venlo type greenhouses (EFSA, 2010a). Multispan greenhouses are made from plastic, 
whereas Venlo type greenhouses are usually made from glass although plastic is sometimes 
used as well (Figure 7-2). Multispan greenhouses are more typical for the southern EU zone 
whereas Venlo type greenhouses can be found throughout the EU. Keeping this in mind, it 
was decided to work out a proposal for a reference Venlo type greenhouse for use in the 









A reference greenhouse is difficult to define because the definition of ‘what is standard’ may 
vary between crops, regions and countries. Therefore, agronomists at the Research Station 
for Vegetable Production (Sint-Katelijne-Waver, Belgium) and PCG Vegetable Research 
(Kruishoutem, Belgium) were consulted to help defining a reference greenhouse. These 
agronomists explained that in recent years horticulture is characterized by an upscaling in 
greenhouse sizes. As a result, the size of a “standard greenhouse” has also increased 
considerably. Based on this information, two reference greenhouses were defined. A small 
reference greenhouse was defined as a greenhouse with a surface area of approximately 1 
ha and was considered typical for older Venlo type greenhouses. A big reference 
greenhouse, which is more representative of newer greenhouse structures, was defined as a 
greenhouse with a surface area of approximately 2.5 ha. 
To determine the volume of these reference greenhouses, the greenhouses were further 
dimensioned based on information received from a horticultural greenhouse expert 
(personal communication). Based on these greenhouse design guidelines, a greenhouse 
‘building block’ was defined as a single bay with a fixed bay width and fixed eaves/ridge 
height but with a variable bay length (Figure 7-3). The small reference greenhouse was 
defined to consist out of 16 bays with a bay width of 4 m. Each bay had a length of 150 m 
and a ridge height of 7.4 m, resulting in a greenhouse volume of approximately 67000 m³. 
Similarly, the big reference greenhouse was assumed to consist out of 26 bays with a bay 
width of 4 m. With a length of 240 m and a ridge height of 7.4 m, the greenhouse volume 
was estimated to be approximately 174000 m³. Table 7-1 provides a summary of the 
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Table 7-1 Dimensions of a big and small Venlo type greenhouse. 
Parameter Unit Big greenhouse Small greenhouse 
Bay width m 4 4 
Number of bays - 26 16 
Total width m 104 64 
Bay length m 240 150 
Eaves height  m 6.56 6.56 
Ridge height m 7.37 7.37 
Surface area m² 24960 ≈ 25000 9600 
Volume m³ 173822 ≈ 174000 66855 ≈ 67000 
 
As the ratio between the greenhouse surface area and the greenhouse volume is the same 
for the small and big reference greenhouses, the size of the greenhouse alone will not result 
in a difference in simulated greenhouse concentrations because the substance is assumed to 
be homogenously mixed inside the greenhouse. Therefore, the size of the greenhouse will 
not affect the inhalation exposure of workers. The estimated surface area and greenhouse 
volume of the small reference greenhouse were implemented as defaults in the BROWSE 
software. However, further development of the BROWSE models may use both greenhouse 
dimensions to assess bystander and resident exposure resulting from ventilating the 
greenhouse. In that case, the size of the greenhouse does matter as bigger greenhouses 
form a bigger source of emission into the environment. 
 
2.2.3 VENTILATION RATES 
The ventilation rate of a greenhouse indicates the amount of air changes per unit of time, 
usually expressed in h-1. Ventilation results in the emission of the substance into the outside 
air and hence lowers the indoor concentrations. As part of the volatilisation experiments in 
Chapter 6, several measurements were done to determine indicative values for the 
ventilation rate of Venlo type greenhouses. The dynamic tracer gas method was used to this 
purpose. The tracer gas CO2 was injected into the greenhouse until a predetermined 
concentration was reached. By measuring the decay of the tracer gas, the ventilation rate 
was estimated (Baptista et al., 1999). More information about these experiments can be 
found in Chapter 6. Based on the resulting ventilation rates, the following values have been 
proposed for use in the PEARL model: 
 low ventilation rate (all windows closed, only leakage losses): 0.10 h-1 or 2.4 d-1 





2.2.4 GREENHOUSE CLIMATE DATA  
Similar to the PEARL-OPS model for outdoor scenarios, the PEARL indoor model requires 
hourly climate data to run the model. To this purpose, the Research Station for Vegetable 
Production (RSVP) in Sint-Katelijne-Waver (Belgium) was asked to supply data of 
temperature and radiation measurements which took place in their tomato greenhouses in 
2012. As the RSVP greenhouses are also of the “Venlo” type, these data were considered to 
be representative for this type of greenhouses. Parameters such as greenhouse 
temperature, relative humidity and window opening were measured and registered on an 
hourly basis with a Hortimax climate control system fitted with Ektron-II C sensors. 
In 2012, the RSVP used four of its greenhouses for the cultivation of tomatoes and could 
therefore deliver data from four different greenhouses. First, the data from the four 
greenhouses were compared by plotting all of the data to see if there were any significant 
differences between the greenhouses. As expected, the temperature data show a similar 
trend for all greenhouses throughout the entire year. Consequently, the data from a 
randomly chosen greenhouse (greenhouse 4) were used for the selection of temperature 
data for the PEARL indoor model.   
In analogy with the selection procedure developed for outdoor scenarios, it was decided to 
select one week of greenhouse climate data based on the 90th percentile of the weekly 
average temperature measured inside the greenhouses. First, the data from greenhouse 4 
were further inspected for any irregularities in the data. Figure 7-4 illustrates that there are 
two deviations in the data. The first is observed in April when there appears to be a hiatus in 
the temperature measurements. This hiatus was also observed for the other greenhouses 
which indicates that the data were not recorded for that period (days 115 to 121). The 
second irregularity occurred in November and December (week 47 to 53) when 
temperatures were considerably lower than the remainder of the year. During this period, 
the tomato crop was at the end of its cycle and was removed from the greenhouse. As a 
result, further heating of the greenhouse was no longer required and the temperatures 
inside the greenhouse dropped. As these data are not presentative for greenhouse 
cultivation temperatures, these were not considered in the further analysis. 
 





Figure 7-4 Hourly temperature data measured in tomato greenhouse 4 in 2012. 
 
After removing the irregularities from the data, the weekly mean average temperatures 
were calculated and plotted in Figure 7-5. This plot shows that there was little variation in 
the weekly mean temperature. This is no surprise as the climate control system installed in 
the greenhouses aims at creating an optimal climate for the crop. The variation was highest 
during the summer months when the solar radiation is at its highest and the greenhouse 





























The weekly mean temperatures varied between 17.7 and 23.8°C, with an average of 19.8°C 
which corresponds well with the ideal growing temperature for tomatoes of 20°C. The 90th 
percentile of the weekly mean temperatures was 21.7°C. Closer inspection of the data 
showed that week 28 (02/07 – 08/07/2012) had an average temperature 21.8°C which 
corresponded best with the 90th percentile value. The temperature and radiation data of 
week 28 have been plotted in Figure 7-6. These data have been used as input to run the 
PEARL indoor model. 
 
 
Figure 7-6 Hourly temperature and radiation sum data for week 28 (02/07 – 08/07/2012). 
 
 
3 MODEL VALIDATION: SENSITIVITY ANALYSIS 
3.1 INTRODUCTION 
A sensitivity analysis of the PEARL indoor model was performed to investigate the 
relationship between some of the PEARL inputs and the PEARL output, i.e. the concentration 
of the substance in the greenhouse air. This analysis helped to better understand the model 
and to identify the parameters that have the greatest impact on the model output and 
should hence be chosen most carefully (Dubus et al., 2003).  
A so-called one-at-a-time sensitivity analysis was performed where each parameter is varied 
one after the other while keeping the other parameters at their default values. This type of 
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The model outputs determined with the default values for all model parameters are referred 
to as the base-case scenarios (Hamby, 1994). Table 7-2 gives an overview of the default (or 
base-case) values used for each parameter in the base-case scenarios. These scenarios were 
used as a reference for comparing the model outputs when changing the input of a certain 
parameter.  
For the purpose of this sensitivity analysis, three base-case scenarios were developed by 
defining three hypothetical substances with different vapour pressures. Each substance (A, B 
and C) was assumed to have a molar mass of 248 g/mol and a water solubility of 1800 g/L. 
The vapour pressures of the substances reflected the vapour pressure classes used by the 
FOCUS Air Group (FOCUS, 2008): 
 substance A: 0.00002 Pa (low-volatile), 
 substance B: 0.001 Pa (medium volatile), 
 substance C: 0.05 Pa (high-volatile). 
Each substance was applied at an application rate of 500 g per hectare and was fully 
intercepted by the crop. The application was assumed to take place at 9 a.m. in the small 
reference greenhouse as defined in paragraph 2.2.2. Volatilisation of the substance was 
simulated using the meteorological data selected in paragraph 2.2.4. 
For the remaining parameters, the default values used in the PEARL model for outdoor 
scenarios were also used for the base-case scenarios. Hence, a default value of 95 kJ/mol 
was used for the molar enthalpy and a value of 0.6 mm for the thickness of the laminar air 
boundary layer. Furthermore, it was assumed that no crop penetration or atmospheric 
degradation took place by setting the default values for the half-life times to 1000000 days. 
The ventilation of the greenhouse was assumed to be limited to leakage losses by using a 
ventilation rate of 0.10 h-1 (Table 7-2). 
 
 
3.2.2 PARAMETERS USED IN THE SENSITIVITY ANALYSIS 
The following parameters were repeatedly varied one by one to assess their effect on the 
model outputs: half-life time for transformation in the air (DT50air), half-life time for 
penetration in the crop (DT50pen), ventilation rate, thickness of the boundary layer and molar 
enthalpy. These parameters were selected because they were either expected to be most 
influential (e.g. crop penetration) or because they were new to the model (e.g. ventilation 
rate). 
The model input parameters were varied within bounds that reflected the uncertainty 
around the input. Maximum variation ranges were based on experimental data or data from 




to determine a reasonable range of variation. In some cases, this meant that the variation 
range was symmetrical around the default value by multiplying and dividing the default 
values by a factor of two. Hence, at least three parameter increments were used. 
 
Table 7-2 Parameter values used in the sensitivity analysis. 
Parameter  Unit Base-case value Range in SA 
Fixed parameters 
Molar mass g/mol  248  
Water solubility mg/L (25°C)  1800  
Vapour pressure Pa substance A 0.00002  
  substance B 0.001  
  substance C 0.05  
Timing of application -  02-Jul-2012-0900     
Application rate kg a.s./ha  0.5  
Crop interception %  100  
Greenhouse area m²  9600  
Greenhouse volume m³  6700  
Parameters used in sensitivity analysis 
Half-life in air days  1000000 0.1 – 30 
Half-life for plant penetration days  1000000 0.1 – 30 
Ventilation rate h-1  0.10 1 – 50 
Thickness boundary layer mm  0.6 0.1 – 5 
Molar enthalpy for volatilisation kJ/mol  95  50 – 200 
 
 
3.2.3 ASSESSMENT OF MODEL SENSITIVITY 
The model’s sensitivity to the variation in model input was assessed based on the approach 
used by Dubus et al. (2003). With this approach, the sensitivity is assessed by determining 
the ratio of variation (ROV). This ratio is defined as the ratio between the model output 











Where: ROV Range of variation 
 O Value of output variable 
 OBC Value of output variable for the base-case scenario 
 I Value of input variable 
 IBC Value of input variable for the base-case scenario 
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The output variables used to assess the model’s sensitivity were the target concentrations 
that were also used in the worker exposure model (as defined in Chapter 4). The first output 
used was the concentration averaged over a period from 8 a.m. to 6 p.m. for the day of re-
entry (target output 1). For the purpose of the sensitivity analysis, a reasonable worst-case 
re-entry interval of 0 days was taken. As the application is assumed to take place at 9 a.m., 
this means that the concentration was in practice averaged over the period from 9 a.m. to 6 
p.m. The second output used was the concentration averaged over a week for the periods 
from 8 a.m. to 6 p.m. for each day of that week (target output 2). 
Target output 1  = concentration averaged over a period from 9 a.m. to 6 p.m. 
for a re-entry interval of 0 days,  
Target output 2  = concentration averaged over a period from 8 a.m. to 6 p.m. 
for each day of the week (including the period from 9 a.m. to 6 
p.m. on the day of application). 
A negative range of variation (ROV) value indicates that an increase in an input parameter 
results in a decrease in the output variable, or that a decrease in an input parameter results 
in an increase in the output variable. The higher the ROV value, the higher is the influence of 
the model parameter on the model output. As the sign of the ROV value is not of importance 
when assessing the impact of the input value on the output value, the absolute values of the 
ROV values was used to determine the maximum ROV value (MAROV). The MAROV is the 
highest ROV value observed across the increments applied for a specific parameter. How 
higher this value, the higher the influence of a parameter is on the model output. A MAROV 
value of 1 indicates that a variation in the model input with x% will result at maximum in the 
same variation in the model output (Dubus et al., 2003). 
In the following paragraphs, the results of the sensitivity analysis are presented and 
discussed. First, the model outputs for the base-case scenarios are given. As the base-case 
scenarios each represent a different volatilisation potential due to the difference in vapour 
pressures, the results from these scenarios were also used to study the effect of the vapour 
pressure on the model outputs. Next, the influence of each of the following parameters on 
the model outputs is discussed: ventilation rate, half-life time in air, thickness of the laminar 
boundary layer, half-life for plant penetration and molar enthalpy for volatilisation. 
 
3.3 RESULTS 
3.3.1 BASE-CASE SCENARIOS 
The results of the model outputs for the base-case scenarios are presented in Figure 7-7. For 
the medium volatile substance B, the simulated concentrations varied between 34 and 143 




with values up to 3877 µg/m³. However, these high volatilisation rates also caused a fast 
depletion of the foliar residues, resulting in concentrations around 0.002 µg/m³ by the end 
of the week.  The application of the low volatile substance A resulted in concentrations 
between 0.7 and 2.9 µg/m³.  
The effect of the vapour pressure on the model outputs was also investigated by comparing 
the base-case scenarios for the hypothetical substances. Figure 7-7 illustrates that the 
maximum concentration in the air increased with increasing vapour pressure (note the 
difference on the y-scale). The maximum concentrations were 3, 143 and 3877 µg/m³ for 
respectively substance A (0.00002 Pa), substance B (0.001 Pa) and substance C (0.05 Pa). For 
the medium and low volatile substance, the concentrations in the greenhouse clearly 
followed the temperature pattern used for the simulation of the base-case scenarios, as 
shown in Figure 7-7. The concentrations inside the greenhouse followed a diurnal pattern 
with higher concentrations in the afternoon when temperatures inside the greenhouse were 
also higher. In contrast, the high concentrations observed for substance C not only masked 
the diurnal pattern, but also resulted in a fast depletion of the foliar residues. As a result, the 
concentrations quickly dropped to much lower levels. By the end of the week, the 
concentrations were approximately 0.002 µg/m³ and were hence lower than those 
simulated for substance A (0.88 µg/m³) and substance B (44 µg/m³). Hence, the vapour 
pressure may not only influence the magnitude of the simulated concentrations but may 
also affect the volatilisation pattern. 
 




Figure 7-7 Hourly concentrations (AirCt) of the applied hypothetical substances A, B and C in the 
greenhouse air (top) and hourly temperature pattern used for the base-case scenarios (bottom). 
 
A comparison between the target output values obtained for the base-case scenarios in 
Table 7-3 shows that the values obtained for target output 1 are comparable with the values 
for target output 2 in case of the low and medium volatile substances. This is a result of the 
diurnal pattern that causes the simulated concentrations to be quite similar for each day 
(Figure 7-7). In contrast, a considerable difference was observed between the target outputs 


























Table 7-3 Target output values for the base-case scenarios (in µg/m³). 






Target output 1 1 74 3188 
Target output 2 2 85 547 
Target output 1 = concentration averaged over a period from 9 a.m. to 6 p.m. for a re-entry interval of 0 days. 
Target output 2 = concentration averaged over a period from 8 a.m. to 6 p.m. for each day of the week. 
 
 
3.3.2 VENTILATION RATE 
To assess the effect of the ventilation rate on the greenhouse concentrations, the input 
value was varied with 4 increments: 0.10 (base-case), 1, 10 and 50 h-1. The model 
simulations for all three substances are plotted in Figure 7-8. The target outputs were 
determined for each parameter value and are listed in Table 7-4.   
Figure 7-8 illustrates that an increase in ventilation rate decreases the greenhouse 
concentrations for all three substances. The extent of this decrease varied between 
substances and target outputs, but the influence of this parameter was overall rather small 
(MAROV < 0.10), as shown in Table 7-4.  
 
Table 7-4 Input values for ventilation rate and corresponding target outputs (in µg/m³) and MAROV 
values (-). The base-case scenarios are indicated in blue. 
Ventilation rate 
Substance Target output 0.10 h-1 1 h-1 10 h-1 50 h-1 |MAROV| 
A: 0.00002 Pa 1 1.48 1.02 0.24 0.06 0.03 
 2 1.71 1.17 0.28 0.06 0.04 
B: 0.001 Pa 1 74 50 11 3 0.04 
 2 85 44 5 1 0.05 
C: 0.05 Pa 1 3188 672 54 10 0.09 
 2 547 88 7 1 0.09 
Target output 1 = concentration averaged over a period from 9 a.m. to 6 p.m. for a re-entry interval of 0 days. 
Target output 2 = concentration averaged over a period from 8 a.m. to 6 p.m. for each day of the week. 
 
The MAROV values in Table 7-4 indicate that an increase in ventilation rate had the largest 
effect on the target outputs for substance C (high-volatile). The base-case scenario was 
characterized by a high peak, followed by a drop in concentrations as a result of the fast 
depletion of the foliar residues. The increased ventilation rates not only lowered the peak 
concentrations but also expedited the decrease of the greenhouse concentrations after the 
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peak. As a result, the increased ventilation rates were reflected in a decrease in both target 
outputs. For a ventilation rate of 50 h-1, target output 1 was decreased from 3188 to 10 
µg/m³, while target output 2 decreased from 547 to 1 µg/m³. 
The effect of an increase in ventilation rate on the greenhouse concentrations was quite 
similar for the medium and low volatile substances. Higher ventilation rates lowered the 
concentrations in the greenhouse and resulted in a less pronounced diurnal pattern. The 
effect of the increased ventilation rates was also appreciable for the target outputs. For 
example: target output 1 decreased from 74 to 3 µg/m³  for substance B when increasing the 
ventilation rate from 0.10 h-1 to 50 h-1. 
 
 
Figure 7-8 Sensitivity results for the input parameter ventilation rate. The base-case scenario for 
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3.3.3 HALF-LIFE TIME IN AIR 
The effect of the atmospheric half-life time on the model simulations and target outputs was 
assessed by using the following input values: 30 days, 10 days, 1 day and 0.1 day. For the 
base-case scenarios, a value of 1000000 days was used to approximate that no 
transformation took place. The model simulations for all three substances are plotted in 
Figure 7-9. The target outputs were determined for each parameter value and are listed in 
Table 7-5. 
 
Table 7-5 Input values for half-life times in air and corresponding target outputs (µg/m³) and MAROV 
values. The base-case scenarios are indicated in blue. 
Half-life time in air 
Substance Target output No transformation 30 d 10 d 1 d 0.1 d |MAROV| 
A: 0.00002 Pa 1 1.48 1.47 1.47 1.45 1.29 0.13 
 2 1.71 1.70 1.70 1.70 1.49 0.13 
B: 0.001 Pa 1 74 74 74 73 64 0.13 
 2 85 85 85 83 70 0.18 
C: 0.05 Pa 1 3188 3181 3168 2997 1660 0.48 
 2 547 543 534 450 219 0.50 
Target output 1 = concentration averaged over a period from 9 a.m. to 6 p.m. for a re-entry interval of 0 days. 
Target output 2 = concentration averaged over a period from 8 a.m. to 6 p.m. for each day of the week. 
 
Due to the time scale used for the model simulations (greenhouse climate data for 1 week), 
the effect of half-life time in air on the model outputs only becomes clear when the half-life 
time is less than 7 days. For the low and medium volatile substance, the effect of the half-life 
time is quite small and is only noticeable when the half-life time in air is decreased to 0.1 
day. Even then, the influence of the atmospheric half-life time is still limited as the foliar 
residues present on the crop act as a continuous supply for further volatilisation. This is 
confirmed by the low MAROV values (≤ 0.18). When decreasing the atmospheric half-life 
time to 0.1 days, target output 1 decreased from 1.48 to 1.29 µg/m³ for substance A and 
from 74 to 64 µg/m³ for substance B. Target output 2 decreased from 1.71 to 1.49 µg/m³ for 
substance A and from 85 to 70 µg/m³ for substance B.   
The effect of decreasing the half-life time to 0.1 day is more pronounced for the highly 
volatile substance C, as reflected by the higher MAROV values in Table 7-5 (0.48 and 0.50). 
The volatilization pattern for the base-case scenario is characterized by a peak in 
concentrations, followed by a fast decrease in concentrations due to a depletion of the foliar 
residues. A decrease of the half-life to 0.1 day lowers the peak concentrations and also 
expedites the subsequent decrease in concentrations.  As a result, the target output values 
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decrease from 3188 to 1660 µg/m³ for target output 1 and from 547 to 219 µg/m³ for target 
output 2. Clearly, the influence of the half-life time in air on the model outputs is more 
pronounced for the high-volatile than for the medium and low-volatile substance. 
 
 
Figure 7-9 Sensitivity results for the input parameter half-life time in air. The base-case scenario for 
each substance has been indicated with blue triangles (∆). 
 
 
3.3.4 THICKNESS OF THE LAMINAR BOUNDARY LAYER 
The PEARL model simulates volatilisation from plant surfaces by assuming that the substance 
has to diffuse through a laminar boundary layer before it is released in the air. The thickness 
of this boundary layer hence influences the rate of release into the air. In its turn, the 
thickness is governed by the air speed over the leaf surface, the leaf size, morphology and 
motion. Under low air speed conditions, the thickness of the boundary layer may reach 




















A: low-volatile (0.00002 Pa) 
B: medium volatile (0.001 Pa) 
C: high-volatile (0.05 Pa) 




boundary layer was varied over the following values: 0.6 mm (base-case), 0.1 mm, 1 mm, 5 
mm and 10 mm. The corresponding model outputs for each substance are plotted in Figure 
7-10. The target output values and corresponding ROV values were calculated for each input 
value. A summary is given in Table 7-6.  
 
 
Figure 7-10 Sensitivity results for the input parameter thickness of laminar boundary layer. The 
base-case scenario for each substance has been indicated with blue triangles (∆). 
 
As illustrated by Figure 7-10, the greenhouse concentrations generally decrease with 
increasing thickness of the laminar boundary layer, as diffusion through this layer becomes 
more difficult with increasing thickness. This effect was most clear when increasing the 
assumed thickness to 10 mm, a value which may be representative for stable conditions 
when there is little turbulence. For the medium volatile substance, an increase of the 
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from 74 to 25 µg/m³, whereas target output 2 decreased from 85 to 37 µg/m³. Hence, this 
increase resulted in a decrease by a factor of 2 to 3.  A similar decrease was observed for the 
low-volatile substance.  
For the high-volatile substance, an increase of the thickness of the laminar air boundary 
layer to 10 mm impeded the volatilisation in such a way that the diurnal pattern became 
noticeable again, at least for the first three days of the week. The volatilisation on the first 
day was lowered to such levels that there were still enough foliar residues present on the 
second and third day to give a second and third peak. As a result, the simulated 
concentrations on those days were higher than those observed for the base-case scenario. 
These results indicate that an increase in the thickness of the boundary layer may not always 
result in a decrease in concentrations compared to the base-case scenario. This was also 
reflected in the target outputs for substance C. The increased thickness hindered the 
volatilisation on the first day, resulting in a considerable decrease in target output 1 from 
3188 to 1076 µg/m³ (MAROV = 0.17). Although the volatilisation pattern was different, the 
total amount of volatilisation was the same which explains why target output 2 only 
decreased from 547 to 459 µg/m³ (MAROV = 0.04). 
 
Table 7-6 Input values for thickness of laminar boundary layer and corresponding target outputs 
(µg/m³) and MAROV values. The base-case scenarios are indicated in blue. 
 Thickness laminar boundary layer 
Substance Target output 0.6 mm 0.1 mm 1 mm 5 mm 10 mm |MAROV| 
A: 0.00002 Pa 1 1.48 1.57 1.38 0.78 0.49 0.09 
 2 1.71 1.80 1.62 1.06 0.76 0.07 
B: 0.001 Pa 1 74 78 69 39 25 0.09 
 2 85 90 80 52 37 0.08 
C: 0.05 Pa 1 3188 3638 2908 1632 1076 0.17 
 2 547 567 540 485 459 0.04 
Target output 1 = concentration averaged over a period from 9 a.m. to 6 p.m. for a re-entry interval of 0 days. 
Target output 2 = concentration averaged over a period from 8 a.m. to 6 p.m. for each day of the week. 
 
3.3.5  HALF-LIFE TIME FOR PENETRATION 
Penetration into the crop and volatilisation are competing processes because both reduce 
the amount of foliar residues on the crop surface. The input values for half-life time for 
penetration into the crop were varied to represent different penetration rate classes 
(Leistra, 2005). The following values were used:  




 30 days: very slow penetration, 
 10 days: slow penetration, 
 1 day: moderate penetration, 
 0.01 day: fast penetration. 
The model was run for each of these input values and the resulting model outputs for the 
three hypothetical substances have been plotted in Figure 7-11. The target outputs and 
MAROV value for each substance have been listed in Table 7-7. 
 
 
Figure 7-11 Sensitivity results for the input parameter half-life time for penetration into the crop. 
The base-case scenario for each substance has been indicated with blue triangles (∆). 
 
Penetration into the crop is a competing process for volatilisation as it limits the amount of 
foliar residues that are still present on the crop surface and can volatilise. Figure 7-11 shows 
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is reduced to less than a week. Again, the low and medium volatile substances display a 
similar pattern. For a half-life time of 1 day, the greenhouse concentrations were in first 
instance comparable with those simulated for the base-case scenario. From day 3 onwards, 
the amount of foliar residues left on the crop starts to limit the further volatilisation, 
resulting in lower concentrations. By the end of the week, the greenhouse concentrations 
are considerably lower than those observed for the base-case scenario. As a result, the 
influence of a decreased half-life time is more pronounced for target output 2 than for 
target output 1, as also reflected by the MAROV values. For the medium-volatile substance, 
target output 2 decreased from 85 to 48 µg/m³ (factor 1.8), whereas target output 1 showed 
very little decrease (from 74 to 73 µg/m³). Similar decreases were observed for the low-
volatile substance. When the half-life time is further reduced to 0.1 day, the influence of the 
half-life time on the model simulations for the low and medium volatile substances is even 
bigger. Due to the fast penetration into the crop, little foliar residues were still present on 
the crop, resulting in a complete stop to volatilisation from day 2 onwards.  
The decreased half-life times for penetration into the crop had a smaller effect on the high-
volatile substance compared to the low and medium volatile substances. For substance C, 
the high volatilisation rates on the first day already cause a fast depletion of the foliar 
residues. As a result, the effect of the half-life time is quite limited, unless the half-life time is 
reduced to such levels that penetration into the crop becomes an important competing 
process. Only when the half-life time was reduced to 0.1 day, the competition between 
penetration into the crop and volatilisation became apparent. The peak concentrations were 
not only lower but also declined faster as penetration into the crop accelerated the decrease 
in available foliar residues. Target output 1 decreased from 3188 µg/m³ to 2118 µg/m³ and 
target output 2 decreased from 547 to 320 µg/m³.  
 
Table 7-7 Input values for half-life for plant penetration and corresponding target outputs (µg/m³) 
and MAROV values. The base-case scenarios are indicated in blue. 
 Half-life for plant penetration 
Substance Target output No penetration 30 d 10 d 1 d 0.1 d |MAROV| 
A: 0.00002 Pa 1 1.48 1.48 1.47 1.46 1.20 0.19 
 2 1.71 1.70 1.68 1.06 0.19 0.89 
B: 0.001 Pa 1 74 74 74 73 60 0.19 
 2 85 84 83 48 10 0.89 
C: 0.05 Pa 1 3188 3183 3174 3055 2118 0.34 
 2 547 545 540 495 320 0.42 
Target output 1 = concentration averaged over a period from 9 a.m. to 6 p.m. for a re-entry interval of 0 days. 





3.3.6 MOLAR ENTHALPY FOR VOLATILISATION 
The last input parameter included in this sensitivity analysis was the molar enthalpy for 
volatilisation. This parameter is needed to take account of the effect of temperature on the 
vapour pressure by applying the Clausius-Clapeyron equation (Leistra, 2005). The value used 
for the base-case scenario (95 kJ/mol) is based on the average of values reported for 
different substances (Smit et al., 1997). The effect of this parameter on the model outputs 
was investigated by dividing and multiplying the base-case value by a factor of 
approximately 2. As such, values of approximately 50 and 200 kJ/mol were calculated. These 
values largely cover the range of values (59 – 146 kJ/mol) reported by Smit et al. (1997). The 
corresponding model outputs have been plotted in Figure 7-12.  The calculated target 
outputs and MAROV values are listed in Table 7-8. 
 
When the molar enthalpy for volatilisation is changed, the extent of the effect of 
temperature on the vapour pressure (and hence on volatilisation) also changes. If the molar 
enthalpy for volatilisation is increased, temperature will have a bigger effect on 
volatilisation. This is reflected in the volatilisation patterns in Figure 7-12. For the medium 
and low volatile substance, an increase of the molar enthalpy to 200 kJ/mol resulted in 
peaks that were not only higher but also narrower. Similarly, a decrease of the molar 
enthalpy for volatilisation to 50 kJ/mol resulted in a diurnal pattern with smaller but broader 
peaks. For the high-volatile substance, an increase of the molar enthalpy caused the peak 
concentration to be only marginally increased (from 3877 to 3941 µg/m³), but the peak was 
a lot narrower than the base-case scenario. As a result, there were still enough residues left 
on the crop to give a second peak on the second day (limited diurnal pattern).  
 
Table 7-8 Input values for molar enthalpy for volatilisation and corresponding target outputs (µg/m³) 
and MAROV values. The base-case scenarios are indicated in blue. 
Molar enthalpy for volatilisation 
Substance Target output 95 kJ/mol 50 kJ/mol 200 kJ/mol |MAROV| 
A: 0.00002 Pa 1 1.48 1.64 1.20 0.24 
 2 1.71 1.77 1.68 0.09 
B: 0.001 Pa 1 74 82 60 0.24 
 2 85 88 84 0.08 
C: 0.05 Pa 1 3188 3457 2693 0.18 
 2 547 556 603 0.09 
Target output 1 = concentration averaged over a period from 9 a.m. to 6 p.m. for a re-entry interval of 0 days. 
Target output 2 = concentration averaged over a period from 8 a.m. to 6 p.m. for each day of the week. 
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To conclude, the molar enthalpy for volatilisation not necessarily affects the absolute 
amounts of volatilisation, but it changes the volatilisation patterns through its effect on the 
temperature-dependence of the vapour pressure. As a result, the influence of this 
parameter is more pronounced for target output 1 than for target output 2. For the low and 
medium volatile substances, MAROV values of 0.24 were determined for target output 1, 
whereas the MAROV values for target output 2 were respectively 0.09 and 0.08. For the high 
volatile substance, the MAROV values were 0.18 and 0.09 for respectively target output 1 




Figure 7-12 Sensitivity results for the input parameter molar enthalpy for volatilisation. The base-
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For each substance, the input parameters were ranked according to their MAROV values. 
The results are presented in Table 7-9. This table shows that a different ranking was 
obtained for the different target outputs. As already expected based on the results from the 
individual parameters, the ranking of the model input parameters was the same for the low 
and medium volatile substance. A different ranking was obtained for the high-volatile 
substance. Nonetheless, the half-life time for penetration into the crop, the half-life time in 
the air and the molar enthalpy were found to be the most important parameters for all three 
substances and for both target outputs. The thickness of the laminar boundary layer and the 
ventilation rate were less important. 
 
Table 7-9 Ranking of the model input parameters and corresponding MAROV values. 
 Target output 1 MAROV Target output 2 MAROV 
Substance A (low volatile)  
1 Molar enthalpy 0.24 Half-life for plant penetration 0.89 
2 Half-life for plant penetration 0.19 Half-life time in air 0.13 
3 Half-life time in air 0.13 Molar enthalpy 0.09 
4 Thickness laminar boundary layer 0.09 Thickness laminar boundary layer 0.07 
5 Ventilation rate 0.03 Ventilation rate 0.04 
Substance B (medium volatile) 
1 Molar enthalpy 0.24 Half-life for plant penetration 0.89 
2 Half-life for plant penetration 0.19 Half-life time in air 0.18 
3 Half-life time in air 0.13 Molar enthalpy 0.08 
4 Thickness laminar boundary layer 0.09 Thickness laminar boundary layer 0.08 
5 Ventilation rate 0.04 Ventilation rate 0.05 
Substance C (high volatile) 
1 Half-life time in air 0.48 Half-life time in air 0.50 
2 Half-life for plant penetration 0.34 Half-life for plant penetration 0.42 
3 Molar enthalpy 0.18 Molar enthalpy 0.09 
4 Thickness laminar boundary layer 0.17 Ventilation rate 0.09 
5 Ventilation rate 0.09 Thickness laminar boundary layer 0.04 
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4 MODEL VALIDATION: COMPARISON WITH GREENHOUSE VOLATILISATION EXPERIMENTS 
4.1 INTRODUCTION 
Chapter 6 describes the volatilisation experiments performed in greenhouses after 
application of three different substances to either soil or crop. These experiments were used 
as a starting point to test the improved PEARL model for estimating greenhouse 
concentrations of PPPs due to volatilisation from the crop.  
The first experiment involved volatilisation from soil and can therefore not be used to test 
the model as only volatilisation from plants is currently considered. In a second experiment, 
fenpropimorph and pyrimethanil were applied to a tomato crop and, in a third and fourth 
experiment, fenpropimorph and pyrimethanil were applied to a cucumber crop. The 
concentrations inside the greenhouse were determined by means of active air sampling on 
the day of application and on the three subsequent days.  
 
4.2 METHODOLOGY 
4.2.1 SIMULATION OF VOLATILISATION EXPERIMENTS 
The input values used in the model simulations were aimed at mimicking the conditions 
under which the greenhouse volatilisation experiments were conducted as best as possible. 
Table 7-10 gives an overview of the input values for each experiment. The characteristics 
listed in this table were used as inputs for the model simulations. These inputs included the 
molar mass (g/mol), vapour pressure (Pa) and solubility in water (mg/L) of each substance. 
For the systemic fungicide fenpropimorph, a vapour pressure of 0.0039 Pa (at 25°C) was 
used. For pyrimethanil, another systemic fungicide, a value of 0.0011 Pa (at 25°C) was used 
(University of Hertfordshire, 2013). According to the classification proposed by the FOCUS 
Air Group (FOCUS, 2008), both substances can be considered as medium volatile. For both 
substances, a molar enthalpy for volatilisation of 95 kJ/mol was used to take account of the 
temperature-dependence of the vapour pressure. This value was derived by Smit et al. 
(1997) as the average value of those reported or calculated for 19 substances. 
For reasons of comparison, a substance application rate of 3.2 g per 100 m² was used for 
both fenpropimorph and pyrimethanil in all three experiments. Hence, a dose of 0.32 kg/ha 
was introduced in the PEARL input file. Based on the FOCUS interception values, crop 
interception was estimated to be approximately 70%.  
The greenhouse dimensions were also entered in the input file. The treated area was 
approximately 672 m² for the tomato greenhouse (experiment 2) and 144 m² for the 
cucumber greenhouses (experiments 3 and 4). The greenhouse volumes were estimated to 






Table 7-10 Characteristics of the greenhouse volatilisation experiments. 
Parameter PEARL input Fenpropimorph Pyrimethanil 
General inputs 
Molar mass MolMas_SUB_1 303.5 g/mol 199.1 g/mol 
Water solubility SlbWatRef_SUB_1 4.32 mg/L (20°C) 121 mg/L (20°) 
Vapour pressure PreVapRef_SUB_1 0.0039 Pa (25°C) 0.0011 Pa (25°) 
Molar enthalpy volatilisation MolEntVap_SUB_1  95 kJ/mol  
Application rate table Applications 0.32 kg a.s./ha 0.32 kg a.s./ha 
Crop interception table Applications 70% 70% 
Inputs specific to experiment 2    
Timing of application table Applications 13-Nov-2012-1100    13-Nov-2012-1100    
Greenhouse area AreaGlh 720 m² 720 m² 
Greenhouse volume VolGlh 4932 m³ 4932 m³ 
Ventilation rate CofRatVenAir 0.04 h-1 0.04 h-1 
Inputs specific to experiment 3    
Timing of application table Applications 13-May-2013-1000    13-May-2013-1000    
Greenhouse area AreaGlh 144 m² 144 m² 
Greenhouse volume VolGlh 1096 m³ 1096 m³ 
Ventilation rate CofRatVenAir 0.10 h-1 0.10 h-1 
Inputs specific to experiment 4    
Timing of application table Applications 05-Aug-2013-0900    05-Aug-2013-0900    
Greenhouse area AreaGlh 144 m² 144 m² 
Greenhouse volume VolGlh 1096 m³ 1096 m³ 
Ventilation rate CofRatVenAir 15 h-1 15 h-1 
 
For each experiment, hourly greenhouse climate data were obtained from the climate 
control system installed in the greenhouses. For each experiment, the temperature (in °C) 
and radiation data (in kJ/m²) were transferred to a separate ‘.met-file’ for use in the PEARL 
indoor model (Figure 7-13).  
During experiments 2 and 3, the greenhouse windows were kept closed. The leakage losses 
were estimated to be approximately 0.04 h-1 (or 1 d-1) and 0.10 h-1 (or 2.4 d-1) for 
respectively experiment 2 and experiment 3. During experiment 4, the climate control 
system was allowed to control the window openings based on temperature measurements 
inside the greenhouse. As a result, the windows were fully open during most of the first and 
second and fourth day of sampling. During the third day of sampling, the windows were 
closed or partially open. Hence, the ventilation rate varied during the experiment, but the 
PEARL model only allows a single value as input. As volatilisation was found to be most 
significant during the first days and the windows were open at that time, a ventilation rate 
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4.2.2 MODEL RUNS 
In first instance, the default settings available in the PEARL input file were used. The half-life 
times for penetration into the crop and transformation in the air were set to 1000000 days 
to eliminate the effect of these processes on the simulated concentrations. The thickness of 
the laminar air boundary layer was initially set to 0.6 mm.  
Next, the model simulations were further refined by changing the thickness of the laminar 
air boundary layer and using compound-specific input values for the half-lives for 
transformation in the air and penetration into the crop (Table 7-11). This was done to 
improve the fit of the model simulations to the measured values. To this purpose, the best 
available data from literature were used.  
In literature, no data could be found on the rate of transformation of fenpropimorph and 
pyrimethanil in the air. However, the half-life time of organic compounds in the gas phase 
can be estimated by means of the Atkinson method (Kwok & Atkinson, 1995). This method 
assumes that the compound is degraded through a reaction with hydroxyl radicals in the air 
(indirect photo-oxidation). Assuming an atmospheric hydroxyl radical concentration of 5 x 
105 radicals/cm3, the half-life time for fenpropimorph was estimated at 2.9 hours or 0.12 
days (EFSA, 2008b). Similarly, the atmospheric half-life time of pyrimethanil was estimated 
at 1.8 hours or 0.10 days (EFSA, 2006).  
Fenpropimorph and pyrimethanil are systemic substances, so both are expected to be taken 
up by the plant. This was also demonstrated by the leaf samples taken during the 
volatilisation experiments, as described Chapter 6. Penetration into the crop is considered to 
be an important competing process for volatilisation. No direct measurements of the rate of 
penetration could be found in literature, but Leistra & Wolters (2004) derived half-life times 
for penetration into the crop between 0.14 and 0.41 day for fenpropimorph. These half-life 
times were obtained by fitting model simulations to measured values from wind tunnel 
experiments performed by Ophoff et al. (1999). Based on these results, a conservative value 
of 0.5 day was used for the model simulations. This value was also used for pyrimethanil, as 
no reliable literature values could be found for this compound.  
The literature data available on the thickness of the laminar air boundary layer vary between 
0.35 and 1 mm (Leistra & Wolters, 2004; Leistra et al., 2008 ). These data were all derived 
from model simulations of wind tunnel experiments in which outdoor conditions were 
simulated. The upper limit of this range (1 mm) was used in the current model simulations as 
it is expected that the laminar air boundary layer is thicker due to the limited air flow in 
greenhouses. 
For each of the model runs, the model outputs (estimated concentrations in greenhouse air) 
were plotted. An additional plot was made for run 5 which included the modelled 
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concentrations as well as the corresponding PEARL estimates of the foliar residues. These 
additional plots allowed the different processes taking place inside the greenhouse to be 
assessed and also allowed a comparison between the modelled and measured values of the 
foliar residues. As the measured values were expressed in µg/cm², the PEARL estimates of 
the foliar residues were also converted to µg/cm² as follows: 
 
RESIDUE ON LEAVES = 




Where: Residue on leaves Amount of residue on the leaves (µg/cm²) 
 AR Application rate (kg a.s./ha) 
 AmaCrp PEARL estimate of amount of residue remaining on the crop (%) 
 10 Conversion factor to convert kg/ha to µg/cm² (-) 
 LAI Leaf area index (-): 3 (Katsoulas et al., 2012; Marcelis, 2007) 
 
RESIDUE IN LEAVES = 




Where: Residue in crop Amount of residue penetrated in the leaves (µg/cm²) 
 AmaPenCrp PEARL estimate of amount of residue penetrated in the crop 
(kg/m²/d) 
 105 Conversion factor to convert kg/m² to µg/cm² (-) 
 24 Conversion factor to convert days to hours (-) 





Table 7-11 Input values used for the different model runs to refine the model simulations. 
Run Description of run  DT50air (days) DT50pen (days) Boundary layer (mm) Source 
1 Default values FEN 1000000  1000000 0.6 Default 
  PYR 1000000  1000000 0.6 Default 
2 Only atmospheric transformation FEN 0.12 1000000 0.6 EFSA, 2008b 
  PYR 0.10 1000000 0.6 EFSA, 2006 
3 Only crop penetration FEN 1000000 0.5  0.6 Leistra & Wolters, 2004 
  PYR 1000000 0.5 0.6 Leistra & Wolters, 2004 
4 Thickness of the boundary layer FEN 1000000  1000000 1 Leistra & Wolters, 2004; Leistra et 
al., 2008   PYR 1000000  1000000 1 
5 Combination of 2, 3 and 4 FEN 0.12 0.5  1  
  PYR 0.10 0.5 1  
FEN = fenpropimorph, PYR = pyrimethanil. 
  




4.3.1 EXPERIMENT 2: VOLATILISATION OF FENPROPIMORPH AND PYRIMETHANIL FROM A TOMATO CROP IN A 
GREENHOUSE WITH LEAKAGE VENTILATION 
In the first run, the model was run with the default settings. Next, the input values for half-
life in air, half-life for penetration into the crop and thickness of the laminar air boundary 
layer were changed one by one to assess the effect of the individual parameters on the 
model simulations (run 2 – 4). Finally, the model was run with the refined values for all of 
these parameters (run 5).  The resulting modelled greenhouse concentrations can be found 
in Figure 7-14 for fenpropimorph and Figure 7-16 for pyrimethanil. In each case, the 
corresponding measured values from the volatilisation experiments were added to the plots. 
Figure 7-14 and Figure 7-16 show that run 1 with the default settings results in an 
overestimation of the concentrations of fenpropimorph and pyrimethanil in greenhouse air. 
Nonetheless, the overall trend observed in the measured greenhouse concentrations was 
already discernible in the model simulations.  
As expected based on the sensitivity results, the half-lives for transformation in the air (run 
2) and penetration into the crop (run 3) had a bigger effect on the model simulations than 
the thickness of the laminar air boundary layer (run 4). The use of substance-specific values 
for the half-life times for transformation in the air (0.12 day) and penetration into the crop 
(0.5 day) improved the fit of the model simulations, but still resulted in an overestimation of 
the greenhouse concentrations. The effect of an increase of the thickness of the laminar air 
boundary layer to 1 mm was quite limited: the estimated concentrations were only slightly 
lower than those obtained with the default value. 
 
In model run 5, the model simulations approximated the measured values reasonably well 
for both fenpropimorph (Figure 7-14) and pyrimethanil (Figure 7-16). The modelled 
concentrations and corresponding estimates of the foliar residues on and in the crop were 
plotted in Figure 7-15 (fenpropimorph) and Figure 7-17 (pyrimethanil). Figure 7-15 shows 
that, for fenpropimorph, both volatilisation and penetration into the crop was almost 
completed within 60 hours after the application. By then, little residue was left on the crop.  
A mass balance was made to assess the contribution of each process to the dissipation of the 
residue on the crop.  Table 7-12 shows that by the end of the simulation, 19% of the applied 
dose had volatilised, whereas 51% had penetrated into the crop. Only 0.06% of the applied 
dose was left on the crop. The sum of these percentages (19 + 51 + 0.06) equals to 70%. This 
is the value used for the crop interception factor, so the remaining 30% was assumed not to 






Figure 7-14 Runs 1 – 5: simulated (lines) and measured (markers) concentrations of fenpropimorph 




Figure 7-15 Run 5: simulated (lines) and measured concentrations (markers) of fenpropimorph in 
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Figure 7-16 Runs 1 – 5: simulated (lines) and measured (markers) concentrations of pyrimethanil in 




Figure 7-17 Run 5: simulated (lines) and measured (markers) concentrations of pyrimethanil in 
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For pyrimethanil, both volatilisation and penetration into the crop continued until the end of 
the simulation, albeit at very low rates (Figure 7-17). By the end of the simulation 65% of the 
applied dose had penetrated into the crop. Another 4.6% was simulated to have volatilised 
from the crop.  
 
Table 7-12 Mass balance of fenpropimorph and pyrimethanil for run 5 (in % of the applied dose).  
Experiment Substance On leaves In leaves Volatilised 
2 Fenpropimorph 0.06 51 19 
 Pyrimethanil 0.35 65 4.6 
3 Fenpropimorph 0.00 43 27 
 Pyrimethanil 0.05 63 7.1 
4 Fenpropimorph 0.00 27 43 
 Pyrimethanil 0.04 55 15 
The sum of the percentages (on leaves + in leaves + volatilised) equals 70%, i.e. the crop interception factor. 
 
 
4.3.2 EXPERIMENT 3: VOLATILISATION OF FENPROPIMORPH AND PYRIMETHANIL FROM A CUCUMBER CROP 
IN A GREENHOUSE WITH LEAKAGE VENTILATION 
The modelled greenhouse concentrations for the 5 model runs, according to the inputs listed 
in Table 7-11, are presented in Figure 7-18 for fenpropimorph and in Figure 7-20 for 
pyrimethanil.  
Run 1 with the default settings resulted in an overestimation of the greenhouse 
concentrations of fenpropimorph, especially during the first few hours after application 
(Figure 7-18). By refining the model input values (run 5), an improved fit of the model 
simulations to the measured concentrations was obtained, but the concentrations just after 
application were still overestimated. 
Figure 7-19 illustrates that the processes in run 5 were almost completed within 60 hours 
after application.  
For fenpropimorph, the modelled concentrations and corresponding foliar residues from run 
5 were plotted in Figure 7-19. As measurements of the foliar residues on and in the crop 
were available for this experiment (Table 6-6 in Chapter 6), these values were also added to 
the figure.  Two days after application, the computed amount of foliar residue (averaged 
over the day) was 0.007 µg/cm². This value agrees well with the 0.010 ± 0.002 µg/cm² 
measured during the volatilisation experiments. By the end of the simulation, the amount of 
residue remaining on the crop was computed to be negligible (Table 7-12). In contrast, the 
foliar residue measured on the fourth day after application was still 0.005 ± 0.000 µg/cm².  
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Even though there was a good agreement between the measured and computed values for 
the foliar residues of fenpropimorph remaining on the crop, no such agreement was found 
between the values for the foliar residues penetrated in the crop. The measured values were 
0.026 ± 0.007 and 0.017 ± 0.005 µg/cm² for the second and fourth day after application, 
respectively. The corresponding computed values were 0.458 and 0.462 µg/cm² (Table 7-13). 
As fenpropimorph is known to be metabolised in plants (EFSA, 2008b), the discrepancy 
observed between the measured and the computed values can to some extent be explained 
by the degradation of the substance inside the plant.  
 
Table 7-13 Computed and measured amounts of foliar residues remaining on the leaves and 
penetrated into the leaves for experiments 3 and 4 (in µg/cm²). 
   Fenpropimorph Pyrimethanil 
   computed1 measured computed1 measured 
trial 3 day 2 on leaves 0.007 0.010 ± 0.002 0.031 0.083 ± 0.019 
  in leaves 0.458 0.026 ± 0.007 0.644 0.037 ± 0.008 
 day 4 on leaves 0.000 0.005 ± 0.000 0.001 0.049 ± 0.012 
  in leaves 0.462 0.017 ± 0.005 0.669 0.038 ± 0.012 
trial 4 day 1 on leaves 0.025 0.021 ± 0.003 0.115 0.129 ± 0.020 
  in leaves 0.273 0.029 ± 0.003 0.492 0.050 ± 0.004 
 day 4 on leaves 0.000 0.023 ± 0.001 0.001 0.068 ± 0.004 
  in leaves 0.287 0.044 ± 0.003 0.590 0.093 ± 0.010 
1
Values were determined by averaging the computed hourly values for the specified day. 
 
In the first run for pyrimethanil, the volatilization process was underestimated during the 
first few hours after application and overestimated for the remaining course of the 
volatilisation process. Run 5 resulted in an increased underestimation of the concentrations 
just after application, but provided a better fit of the concentrations on the days following 
application (Figure 7-20). 
Figure 7-21 shows that the simulated processes of volatilisation and plant penetration of 
pyrimethanil were almost completed within 80 hours after application. The mass balance in 
Table 7-12 shows that penetration into the crop was simulated to be the most important 
process taking place after application. By the end of the fifth run, about 63% of the applied 
dose had penetrated into the plant, whereas only 7.1% had volatilised. The residues present 
on the crop were almost depleted by the end of the simulation. Only a fraction (0.05%) of 






Figure 7-18 Runs 1 – 5: simulated (lines) and measured (markers) concentrations of fenpropimorph 




Figure 7-19 Run 5: simulated (lines) and measured (markers) concentrations of fenpropimorph in 
greenhouse air and simulated (lines) and measured (markers) foliar residues after application to a 
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Figure 7-20 Runs 1 – 5: simulated (lines) and measured (markers) concentrations of pyrimethanil in 
greenhouse air after application to a cucumber crop (experiment 3). 
 
 
Figure 7-21 Run 5: simulated (lines) and measured (markers) concentrations of pyrimethanil in 
greenhouse air and simulated (lines) and measured (markers) foliar residues after application to a 
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The results of the leaf samples taken during the volatilisation experiments allow a 
comparison between the measured and computed values of the pyrimethanil residue levels 
on and in the crop. For the second day after application, the measured (0.083 ± 0.019 
µg/cm²) and computed (0.031 µg/cm²) values for the residues on the crop surface 
corresponded reasonably well. On the fourth day after application, little residue was left on 
the crop in the simulation, but the measured levels were still considerable (0.049 ± 0.012 
µg/cm²). Similar to fenpropimorph, the simulated amounts of penetrated residues were 
much higher than the measured amounts. The measured values were 0.037 ± 0.008 and 
0.038 ± 0.012 on the second and fourth day respectively. The corresponding simulated 
values were 0.644 and 0.669 µg/cm². This discrepancy can be partly explained by the 
continued transformation of pyrimethanil inside the plant. However, it is also possible that 
the rate of penetration into the cucumber crop was overestimated as the value used to 
simulate the plant penetration was derived from wind tunnel experiments in which 
fenpropimorph was applied to several crops. 
 
4.3.3 EXPERIMENT 4: VOLATILISATION OF FENPROPIMORPH AND PYRIMETHANIL FROM A CUCUMBER CROP 
IN A GREENHOUSE WITH VENTILATION 
The results of the first run show that the volatilisation process of fenpropimorph from the 
crop could be described quite well (Figure 7-21). Run 5 did not result in an increased fit of 
the modelled values to the measured values as the concentrations just after application 
were less well predicted. Nonetheless, the computed values were still within the same order 
of magnitude as the measured values.  
The amount of fenpropimorph residues measured on the leaf surfaces on the first day after 
application was approximately 0.021 ± 0.003 µg/cm². This value was in good agreement with 
the computed value of 0.025 µg/cm² (Table 7-13). The computed residues declined further 
until hardly any deposit was left on the fourth day after application. In contrast, the 
measured levels appeared stable with a value around 0.023 ± 0.001 µg/cm². Again, there 
was a substantial difference between the measured and modelled amounts of penetrated 
residues. The measured values were 0.029 ± 0.003 and 0.044 ± 0.003 µg/cm² for the first and 
fourth day after application, whereas the estimated values were 0.273 and 0.287 µg/cm². 
The mass balance in Table 7-12 shows that volatilisation was computed to be the main route 
for the substance fenpropimorph after application. By the end of run 5, 43% was assumed to 
have volatilised and another 27% had penetrated into the crop. The effect of the greenhouse 
ventilation seemed to be taken into account reasonably well in the model. Similar to the 
measurements, a peak in concentrations was observed during the first few hours after 
application, but the concentrations were very low for the remainder of the volatilisation 
process due to the greenhouse volatilisation.  
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For pyrimethanil, a similar trend could be observed as for fenpropimorph. Run 1 provided a 
reasonable fit to the measured values, whereas run 5 improved the fit on the days following 
application but resulted in a worse fit for the concentrations measured just after application. 
Taking into account the order of magnitude of the measured and modelled values, both runs 
were able to approximate the measured values quite well.  
As for fenpropimorph, the modelled levels of pyrimethanil residues remaining on the crop 
were in good agreement on the first day after application (measured: 0.129 ± 0.020 µg/cm; 
modelled: 0.115 µg/cm²). On the fourth day after application, the simulated levels (0.001 
µg/cm²) underestimated the measured levels (0.068 ± 0.004 µg/cm²). Again, the modelled 
amounts of penetrated residues were much higher than the measured amounts. The 
measured levels were 0.050 ± 0.004 µg/cm² and 0.093 ± 0.010 µg/cm² on the first and fourth 
day after application respectively. The simulated amounts were 0.492 and 0.590 µg/cm².  
Penetration into the crop was computed to be the most important process taking place after 
application. About 55% of the applied dose was assumed to have penetrated into the plant 
by the end of the simulation. Volatilisation accounted for 15% of the dose. Only 0.04% of the 







Figure 7-22 Runs 1 – 5: simulated (lines) and measured (markers) concentrations of fenpropimorph 




Figure 7-23 Run 5: simulated (lines) and measured (markers) concentrations of fenpropimorph in 
greenhouse air and simulated (lines) and measured (markers) foliar residues after application to a 
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Figure 7-24 Runs 1 – 5: simulated (lines) and measured (markers) concentrations of pyrimethanil in 




Figure 7-25 Run 5: simulated (lines) and measured (markers) concentrations of pyrimethanil in 
greenhouse air and simulated (lines) and measured (markers) foliar residues after application to a 
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The application of the existing PEARL model was extended to include estimations of the 
concentration of PPPs in greenhouse air due to volatilisation from the plant surface. The 
descriptions of the volatilisation process and the competing processes used in the existing 
model were considered appropriate to describe these processes under greenhouse 
conditions. The model was however modified to include the processes of ventilation of the 
greenhouse air to the outside atmosphere and transformation in the air. It was assumed that 
the substance reached the greenhouse air by diffusion through a laminar air boundary layer 
and was subsequently mixed homogenously in the entire greenhouse air volume.  
The assumption of a greenhouse as a perfectly stirred tank results in a simple model that 
doesn’t take account of the horizontal and vertical gradients in greenhouses. This simplified 
approach has been used by many authors (Roy et al., 2002; Udink ten Cate, 1983; Vanthoor 
et al., 2011). In practice however, the greenhouse climate will not be uniform but is 
characterized by spatial differences in temperature, humidity and air speed. Boulard et al. 
(1999) measured the temperature and air speed in a reduced-scale mono-span greenhouse 
with single- and double-sided ventilation. It was demonstrated that, for both ventilation 
regimes, the airflow was highest near the vent openings and along the greenhouse walls, 
whereas still air conditions prevailed at the centre of the greenhouse. The corresponding 
temperature measurements showed that the greenhouse temperatures were lowest close 
to the greenhouse vents. As the greenhouse climate influences the volatilisation process, the 
resulting PPP concentrations in greenhouse air will not be homogeneous inside the 
greenhouse. This was observed during the volatilisation experiments conducted in vegetable 
greenhouses, as described in Chapter 6. In these experiments, the PPP concentrations in 
greenhouse air were determined at two different sampling heights and locations within the 
greenhouse. The results have shown that there was a clear horizontal gradient with higher 
concentrations in the centre of the greenhouse compared to the greenhouse aisle. In some 
cases, a vertical gradient was also observed but this was less pronounced that the horizontal 
one. The PEARL indoor model can potentially be improved by taken account of the spatial 
heterogeneity observed in greenhouses. This would however require detailed data of the 
greenhouse climate. Such data can be obtained by performing a series of greenhouse 
experiments aimed at determining the greenhouse climate profiles for a range of 
greenhouse type and prevailing meteorological conditions. Another option is to link the 
model to a greenhouse climate model that is able to model the distributed greenhouse 
climate and air flows (Boulard et al., 2002). 
A sensitivity analysis of the model was performed by varying selected input parameters on a 
one-by-one basis and comparing the model outputs with the outputs of the base-case 
scenarios. This type of sensitivity analysis is easy to interpret, but does not allow to take 
account of the effect of varying several parameters at the same time. The results of the 
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sensitivity analysis indicate that – in addition to vapour pressure – the model is most 
sensitive to variations in the rate coefficients for plant penetration and atmospheric 
transformation and molar enthalpy. The greenhouse ventilation rate and thickness of the 
boundary layer were considered to be less important parameters.  
In this chapter, the greenhouse ventilation rate and thickness of the laminar air boundary 
layer were treated as independent variables although there is a close relation between both 
(Boulard et al., 2004). Higher ventilation rates will increase the air speed inside the 
greenhouse and will hence decrease the thickness of the laminar air boundary layer. The 
Blasius equation can be used to estimate the thickness of the laminar air boundary layer on 
flat plates. Parkhurst et al. (1968) hypothesized that this equation could also be used for 
arbitrary shapes such as plant leaves by using the weighted mean leaf length in the direction 
of the flow to describe the length of the flat plate. As such, the Blasius equation can be used 
to calculate the thickness of the boundary layer above leaf surfaces based on the leaf length, 
the inside air speed and the dynamic viscosity of the air (Boulard et al., 2004).  
The volatilisation experiments from Chapter 6 were used to test the newly developed PEARL 
indoor model. A comparison was made between model simulations and experimental data 
obtained from the volatilisation experiments. Greenhouse climate data recorded during the 
volatilisation experiments were used as input in the PEARL model. The model input values 
for parameters such as the application rate reflected the conditions under which the 
experiments were conducted. For some model parameters (e.g. thickness of the laminar air 
boundary layer), no experimental data were available. Therefore, the model was first run 
with the default values before refining the input values based on the best available literature 
data.  
The model provided reasonable estimates of the concentrations of fenpropimorph and 
pyrimethanil in the greenhouse air after application, especially for experiment 2 which was 
conducted in a tomato greenhouse with leakage ventilation only. For the experiments 
conducted in the cucumber greenhouses, the use of the refined input values often resulted 
in an increased fit for the concentrations on the days after application, but a worse fit for the 
concentrations just after application.  
The volatilisation process is often characterized by a fast initial volatilisation, followed by a 
continued slow volatilisation. As a result, model computations often result in an 
underestimation of the volatilisation just after application and an overestimation later on, or 
vice versa. As this pattern was also observed in the volatilisation experiments described in 
Chapter 6, this issue was also encountered with the model simulations described in this 
chapter. Leistra & Wolters (2004) and Leistra et al. (2008) tried to improve the computation 
of this type of volatilisation process by distinguishing two deposit classes: a poorly exposed 
deposit class and a well exposed deposit class. The poorly exposed deposit class was 




was assumed that the continued slow volatilisation observed in the volatilisation 
experiments was a result of the volatilisation of the poorly exposed deposit. Volatilisation of 
the well exposed deposit would account for the initial fast volatilisation. To this purpose, a 
separate mass conservation equation was set up for each deposit class. A fraction of the 
deposit was assumed to be poorly exposed (e.g. 10% of the dosage in Leistra et al., 2008) 
and the rate coefficients for the processes taking place on the plant were also taken as a 
fraction of those used for the well-exposed deposit (e.g. 0.2 times in Leistra et al., 2008). The 
use of two mass conservation equations seemed to improve the fit of the model simulations 
to the measured values, but the authors acknowledged that the mechanisms underlying 
volatilisation from these two deposit classes required further study. Further investigation 
should focus on checking whether this type of modelling would also provide a better fit for 
the model simulations described in this chapter. 
The mass balances for fenpropimorph and pyrimethanil showed that penetration into the 
crop was often simulated to be the most important process taking place after the application 
of the substances. Plant penetration accounted for 27 to 65% of the applied dose, whereas 
volatilisation only accounted for 4.6 to 43%. By the end of the simulation, little or no deposit 
was estimated to be left on the crop. Another 30% of the applied dose was assumed not to 
be intercepted by the crop, but volatilisation from surfaces other than the plant was not 
considered in the model. As plant penetration was an important process, high amounts of 
residues were estimated to have penetrated the plant. However, these estimated values 
were much higher than those measured during the volatilisation experiments. This 
discrepancy can to some extent be explained by the transformation of the substance taking 
place inside the plant. This process is not described in the model simulations as it doesn’t 
affect the volatilisation of the substance from the plant canopy.  
In an unpublished study by Pryde and Etterli (1979), summer barley, grown under 
greenhouse conditions, was treated with 14C-labelled fenpropimorph. The barley leaves 
were first washed to determine the surface residues and subsequently macerated to 
determine the residues penetrated into the leaves. Five days after the application, only 17% 
of the residue found inside the leaves was unchanged fenpropimorph. The remaining 83% 
was assumed to have been metabolised inside the plants (FAO & WHO, 1995). In contrast, 
71% of the extracted radio-activity found on the leaf surface was unchanged fenpropimorph, 
suggesting that fenpropimorph was less prone to degradation on the leaf surface. This may 
explain why the discrepancy observed between the measured and simulated penetrated 
residues was not seen for the external residues. 
Several studies are available on the metabolism of pyrimethanil in plants. A report prepared 
by FAO & WHO (2007) provides a summary of these studies. In a study on tomatoes, 95 to 
96% of the extracted residues were unchanged pyrimethanil when leaf samples were taken 
eight days after the application. In another study in apples, leaf samples were taken 6 weeks 
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after the application and analysis of the samples showed that 55 to 61% of the extracted 
residues were unchanged pyrimethanil. In another report, analysis of grape leaf samples, 
taken 21 days after the application, showed that 31% of the extracted radioactivity was 
unchanged pyrimethanil. These studies demonstrate that the transformation of pyrimethanil 
inside plants can be considerable, but depends on the type of crop and timing after 
application. 
The selection of the input values for the rate coefficients of plant penetration and 
atmospheric transformation play an important role in estimating the concentrations in the 
greenhouse air after application to the plants. Plant penetration is a competing process for 
volatilisation and limits the amount of residue available for volatilisation. Atmospheric 
transformation in its turn results in a decrease of the concentration after volatilisation of the 
substance has already taken place. However, these rate coefficients cannot be determined 
in a direct way. Well-defined volatilisation experiments, where labelled substances (e.g. 14C 
labelled fenpropimorph) are applied to the crop, can provide more insight into the 
contribution of each of the processes take place after application of the substance. By 
combining experimental data with computer modelling, the rate coefficients of these 













Plant protection products are used to ensure a good quality and yield of the crop by 
protecting it from harmful organisms and diseases. Regulation 1107/2009 requires that PPPs 
undergo a strict authorization procedure before they can be placed on the market. This 
procedure is aimed at ensuring that these products are not only beneficial for crop 
production but also achieve a high level of protection for humans, animals, and the 
environment. Article 24 of the regulation formulates this as follows: 
 
“The provisions governing authorisation must ensure a high standard of protection. In 
particular, when granting authorisations of plant protection products, the objective of 
protecting human and animal health and the environment should take priority over the 
objective of improving plant production. Therefore, it should be demonstrated, before 
plant protection products are placed on the market, that they present a clear benefit for 
plant production and do not have any harmful effect on human or animal health, 
including that of vulnerable groups, or any unacceptable effects on the environment.” 
 As part of this procedure, the industry must demonstrate that these products do not have 
any harmful effect on human health by subjecting the products to a human risk assessment 
in which the estimated exposure level is compared with an appropriate toxicological 
reference value. 
Human exposure assessments can be done by performing exposure studies in which the 
exposure levels are determined by sampling methods such as whole body dosimetry. Such 
exposure studies are however expensive and time-consuming. In the past, several models 
have been developed to estimate the exposure levels of the different exposed groups of the 
population, i.e. operators, workers, residents and bystanders. As these exposure models 
have been developed independently, there was no harmonized approach to assessing the 
exposure levels of these exposed groups (EFSA, 2008a). The BROWSE project was aimed at 




exposure of operators, workers, residents and bystanders in a consistent and transparent 
way. In this way, the BROWSE project aimed at contributing to the implementation of 
Regulation 1107/2009. 
The aim of this doctoral dissertation is to present the work that has been done to develop an 
improved worker exposure model for PPPs. The theoretical work performed in this doctoral 
dissertation was supported by experimental work. This chapter starts with a general 
discussion and conclusion of the main results from this work and ends with some 
suggestions for future research. 
 
1 GENERAL DISCUSSION AND CONCLUSIONS 
Before developing an improved modelling framework, a list of priority scenarios was made 
using feedback from relevant stakeholders and taking account of the data availability and 
the anticipated frequency and extent of the exposure. The identified priority exposure 
scenarios were: 
 harvesting of orchard fruit (outdoor), 
 pruning of orchard fruit (outdoor), 
 thinning of orchard fruit (outdoor), 
 harvesting of grapes (outdoor), 
 pruning of grapes (outdoor), 
 thinning of grapes (outdoor), 
 harvesting of soft fruit, other than grapes (outdoor), 
 harvesting of ornamentals (indoor), and 
 harvesting of fruiting vegetables (indoor). 
With these priority scenarios in mind, the main exposure determinants and mechanisms 
were identified and combined in a comprehensive conceptual model. Dermal exposure is 
generally considered to be the most important exposure route for worker exposure, but the 
BROWSE conceptual model also paid attention to the less explored exposure routes of 
dermal exposure due to contact with contaminated soil, inhalation exposure due to 
inhalation of vapour/droplets/dust, oral exposure due to ingestion of suspended particles 
and oral exposure due to hand-to-mouth contact. This conceptual model was taken as a 
starting point for the development of a mechanistic model that considered dermal exposure 
due to contact with the contaminated crop, inhalation exposure to vapour and oral exposure 






Dermal exposure is estimated by assuming that the exposure level is determined by the 
amount of dislodgeable residue on the crop, the intensity of the contact with the crop and 
the duration of exposure.  
Transfer coefficients are used as a measure for the intensity of the contact with the crop and 
are hence crucial elements in dermal exposure assessments. Unfortunately, transfer 
coefficients cannot be measured directly but are derived from experimental data by dividing 
the measured exposure level with the dislodgeable foliar residue.  
The range of exposure scenarios covered by the currently used model EUROPOEM is limited 
to four harvesting scenarios (van Hemmen et al., 2002). Therefore, an in-depth analysis of 
the transfer coefficient data available from open and grey literature was performed. The aim 
of this analysis was not only to update the existing generic transfer coefficients but also to 
expand the range of exposure scenarios. However, several issues associated with the 
indirect way of determining transfer coefficients from literature data were identified. Among 
these issues, data availability was considered to be the most important one. The up-to-date 
analysis of the literature data has shown that the data availability is overall quite poor. An 
extensive literature search resulted in a total of 35 studies of acceptable quality. Only 23 of 
these studies provided transfer coefficients for 6 of the identified priority scenarios: 
harvesting of orchard fruit, harvesting of grapes, harvesting of indoor ornamentals, 
harvesting of indoor fruiting vegetables, harvesting of soft fruit and thinning of orchard fruit. 
For the remaining scenarios, no relevant studies could be found: pruning of orchard fruit, 
pruning of grapes and thinning of grapes.  
Another important issue was the type of exposure reflected by the transfer coefficient data. 
The exposure sampling methods used in the studies determine whether the resulting 
transfer coefficients reflect potential or actual exposure. However, the analysis of the 
available data has shown that the exposure data and corresponding transfer coefficient data 
are not obtained in a consistent way and are moreover subject to interpretation differences. 
Generic transfer coefficients for hand and body exposure were determined based on the 
available potential exposure data because potential exposure TCs can be used in 
combination with any generic clothing migration factor. In general, rounded values of the 
90th percentiles were used for the smallest datasets and rounded values of the 75th 
percentiles for the largest databases, but deviations from this general rule were required 
when the available data did not allow this approach to be followed. The resulting transfer 
coefficients were implemented as default values in the BROWSE software.  
Data availability and data consistency are the most important issues associated with the use 
of transfer coefficient data from open and grey literature. In contrast, the U.S. EPA has a 




than 40 exposure studies. One of the advantages of this database is that the transfer 
coefficients are determined in a consistent way and are hence representative of the same 
type of exposure. Furthermore, the database covers a wide range of scenarios and is 
continuously being revised to reflect the most recent knowledge in this field of science. As a 
result, the U.S. EPA transfer coefficient database could be a viable alternative to using 
eclectic data from literature. Unfortunately, the use of this database also has several 
disadvantages. A major drawback of the U.S. EPA database is the lack of public access to the 
raw data of the exposure studies underlying the transfer coefficients. As transparency was 
considered to be of primordial importance in the development of the BROWSE models, it 
was not considered advantageous to use the U.S. EPA database as the sole source of transfer 
coefficients. In addition, these transfer coefficients are all representative of actual exposure 
underneath long plants and long-sleeved shirts and can therefore only be used to reflect 
exposure with this type of clothing. As transfer coefficients based on potential exposure can 
be used with any generic clothing migration factor, the resulting exposure estimates can 
reflect different kinds of clothing. Hence, transfer coefficients based on actual exposure are 
in comparison quite limited in use.   
Another important issue concerns the generic nature of these values. Transfer coefficients 
are used to estimate dermal exposure under the assumption that an appropriate TC value 
can be used to provide a reasonable estimate of the exposure level. Individual exposures 
levels may vary around this estimate due to a great many factors, but the generic nature of 
transfer coefficients can only be called into question when a factor systemically affects the 
transfer of a substance. The U.S. EPA studied the effect of leaf type, leaf wetness, re-entry 
interval and monitoring duration on the transfer of PPPs and only found evidence that leaf 
type can influence the transfer of PPPs in a systemic way. Therefore, separate clusters were 
formed to reflect the following leaf types: smooth-leaf, waxy-leaf and hairy-leaf crops. 
However, the researchers acknowledged that a targeted research study would be required 
to explore the effect of these and other parameters (such as the formulation type) on the 
transfer of PPPs. 
The current approach for estimating dermal exposure uses a default value of 3 µg/cm² per 
kg a.s./ha for the dislodgeable foliar residue (DFR). This value is based on the 90th percentile 
of the available DFR0 data. This default is considered to be very conservative, not only 
because of the choice of percentile but also because it doesn’t take account of any 
degradation that might take place between application and re-entry (EFSA, 2008a). The 
newly developed BROWSE model provides the user with several options with regard to the 
dislodgeable foliar residue. The user can choose to either use the model estimate of the DFR 
calculated by the PEARL(-OPS) model or provide his/her own input on DFR. With the latter 
option, degradation of the substance on the leaf surface can be taken into account by 






In EUROPOEM, inhalation exposure is assessed using empirical data and is therefore limited 
to a few scenarios in ornamental greenhouses. Therefore, it was decided to develop a 
mechanistic model that could estimate inhalation exposure to vapours for a wide range of 
exposure scenarios. This mechanistic model assumes that the level of inhalation exposure 
depends on the concentration in the air during re-entry, the breathing rate and the duration 
of exposure.  
To estimate the concentration of the substance in outdoor air, two existing models were 
modified and linked together: PEARL and OPS. The PEARL model (Pesticide Emission 
Assessment at Regional and Local Scales) describes the fate of a substance after its 
application and estimates the rate of volatilisation from the crop  (Leistra et al., 2001; van 
den Berg & Leistra, 2004). As the PEARL model estimates the volatilisation of the substance 
starting from the deposit on the plant surface, the PEARL model can also provide an 
estimate of the amount of foliar residue present on the crop during re-entry. The PEARL 
estimate of the amount of volatilisation from the crop is used as input for the atmospheric 
dispersion model OPS (Operational Atmospheric Transport Model for Priority scenarios) that 
calculates the atmospheric concentrations (in µg/m³) using Gaussian plume modelling (van 
Jaarsveld & de Leeuw, 1993). Finally, these concentrations are used to calculate the 
inhalation exposure. 
As there was no existing model for estimating the concentration of a substance under 
greenhouse conditions, the PEARL model was modified to simulate the volatilisation process 
from plant surfaces in greenhouses and calculate the resulting greenhouse concentrations. 
To this purpose, the processes of ventilation of the greenhouse air and transformation in the 
air were added to the existing descriptions of volatilisation and its competing processes. It 
was assumed that the substance reached the greenhouse air by diffusion through a laminar 
air boundary layer and that it was homogenously mixed in the entire greenhouse air volume. 
An important step in the development of this PEARL indoor model was to compare the 
model simulations against measured concentrations. However, it was acknowledged that 
the available research on volatilisation in greenhouses was quite scarce and would moreover 
not be suitable to test the model due to the data requirements of the model (e.g. 
greenhouse climate data on an hourly basis). Therefore, a series of volatilisation 
experiments was conducted with the aim of improving the current knowledge on 
volatilisation in greenhouses while developing a comprehensive dataset that could be used 
to test the new PEARL model.  
The volatilisation experiments conducted in vegetable greenhouses demonstrated that the 
concentrations in the air were highest shortly after application and decreased on the days 




concentrations. In some cases, a diurnal pattern, characterized by higher concentrations in 
the afternoon when greenhouse temperatures are also higher, was observed. The study 
confirmed that vapour pressure is an important indicator of the volatilisation potential of a 
substance as the concentrations measured in the greenhouse air were generally higher for 
the substance with the highest vapour pressure. The results of this study also showed that 
competing processes such as penetration into the crop are important to consider because 
these processes can limit the volatilisation process. 
The results of the volatilisation experiments were used to test the newly developed PEARL 
model for estimating concentrations in greenhouse air. This comparative study 
demonstrated that the model was capable of providing reasonable estimates of the 
greenhouse concentrations. This study also emphasized that the choice of input values, 
especially for parameters such as vapour pressure, half-life for plant penetration and 
atmospheric half-life, is crucial to obtain a reasonable fit of the model simulations to the 
measured data.  
 
ORAL EXPOSURE 
The third and final exposure route included in the improved re-entry exposure model was 
oral exposure due to hand-to-mouth contact. This exposure route was not yet considered in 
the existing worker exposure assessments for plant protection products, so a new approach 
had to be developed. This approach is based on the conceptual model on inadvertent 
ingestion from Cherrie et al. (2006) and assumes that a fraction of the dermal hand exposure 
is transferred from the hands to the mouth during hand-to-mouth contact  and is 
subsequently ingested. Indicative default values have been suggested for the number of 
hand-to-mouth contacts and the fraction of the hand making contact with mouth. However, 
this type of exposure is highly influenced by personal behaviour and may therefore be 
subject to a high level of variability. 
 
GENERAL SCOPE OF THE MODEL 
The aim of this doctoral dissertation was to develop a new and improved model for 
assessing worker re-entry exposure to plant protection products. This model has been 
developed with the intent of providing potential stakeholders and end-users with a tool that 
is transparent in the way it has been developed and flexible in the way it can be used. The 
improved worker re-entry exposure model has progressed beyond the state-of-the-art by 
extending the current approach for dermal exposure and by including generally applicable 
approaches for inhalation and oral exposure. The model also provides approaches for 
assessing acute and longer term exposure resulting from single or multiple applications. 
Whereas the current models for worker exposure are only available as spreadsheets, the 




operator and resident and bystanders models. 
Default values have been provided for many parameters based on the best available data or 
on expert judgment when no data were available. These defaults are aimed at providing 
model estimates that represent an overall realistic worst-case. However, the model is also 
flexible and often allows user inputs, either as drop-down menus or as input values within a 
specified range.  
 
2 FUTURE RESEARCH 
Although the development of the BROWSE model for re-entry exposure represents a big 
step forward in the field of re-entry exposure research, there are still many fields in which 
improvement is possible and additional research is required. 
The availability of transfer coefficient data remains a bottleneck for extending the use of the 
worker exposure model to a wide range of exposure scenarios. The crop protection industry, 
represented by ECPA (European Crop Protection Association) in the EU and ARTF 
(Agricultural Re-entry Task Force) in the U.S., owns large quantities of high-quality data from 
recent worker exposure studies conducted as part of the registration dossiers, but 
unfortunately these data are not publicly available. Cooperations with these industry task 
forces would greatly facilitate data access and would allow many additional scenarios to be 
covered. However, it doesn’t seem likely that these data will soon become available. Ideally, 
an EU-wide study (e.g. commissioned by the EU authorities) should aim at generating 
transfer coefficient data for those scenarios that are considered a priority and for which little 
or no data are currently available. Furthermore, such a study should look into the generic 
nature of transfer coefficients by investigating if factors such as leaf wetness, formulation 
type or leaf type have a systematic effect on the transfer of PPPs.  
 
Another interesting topic for further investigation is the dislodgeable foliar residue (DFR). 
Further research should be dedicated to investigating which factors may systematically 
influence the DFR levels. A targeted laboratory study should aim at investigating whether 
factors such as leaf type or formulation type may have a systematic effect on the measured 
DFR levels. Such a laboratory study should also pay attention to the method used to 
determine the DFR, and more specifically to the use of the aqueous surfactant solution. It 
should be explored whether the addition of a diluted surfactant solution to the dislodging 
solution really helps with dislodging the foliar residues or not and if so, whether it favours 
the extraction of some substances or formulation types. 
In addition to providing estimates for the amount of volatilisation from the crop, the PEARL 
model can also provide estimates for the amount of deposit on the crop, from which the DFR 




reasonable estimates of the DFR, but it would be interesting to perform an extensive 
comparative study, in which the modelled DFR levels are compared with measured DFR 
levels. To this purpose, a DFR database should be developed with data from studies that are 
most suitable for the proposed comparative study. This means that the selected studies 
should be able to provide as much information as possible on the input values required for 
the model (e.g. application rate, re-entry interval) in order to allow the model to give the 
most accurate estimate of the DFR. 
The newly developed PEARL indoor model can be used to estimate the concentration of a 
substance in the greenhouse air as a result of volatilisation from the crop. The model already 
shows promising results, but needs to undergo further testing. Additional volatilisation 
experiments (e.g. with different substances) may help to improve our current knowledge of 
the volatilisation process and may therefore help to identify possible gaps in the modelling 
approach. These additional experiments should also pay enough attention to competing 
processes such as crop penetration in order to better understand the importance of these 
processes and define appropriate rate coefficients for use in the PEARL model. In addition, it 
should be investigated whether the use of two mass conservation equations (one for the fast 
initial volatilization from a well exposed deposit and one for the slow continued volatilisation 
from a poorly exposed deposit) can improve the current model simulations.   
The improved worker exposure model currently includes three exposure routes: dermal 
exposure due to contact with the treated crop, inhalation exposure due to volatilisation of 
the substance from the crop and oral exposure due to hand-to-mouth contact. Further 
research should be dedicated to exploring other exposure routes. The conceptual model 
developed in this dissertation may serve as a guideline as it already contains some 
information on additional exposure routes such as inhalation exposure to resuspended dust. 
Further testing of the overall worker exposure model is also needed to identify bugs in the 
model and to optimize the user interface and usability of the model. Further validation of 
the model needs to be performed by comparing model outputs with estimates from existing 
models (e.g. EUROPOEM) and with the available data from literature. This step should not 
only include comparisons of the estimated exposure levels but also of any intermediate 
estimates such as the dislodgeable foliar residue or the concentration in the air. 
Within Belgium, it would be interesting to extend the work performed in ornamental 
greenhouses. The exposure study presented in this doctoral dissertation has shown that re-
entry into treated pot plants potentially poses a risk for re-entry workers. Additional studies 
should cover other crops and activities to investigate whether this issue is limited to some 
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SUMMARY OF TRANSFER COEFFICIENT DATA 
Table A-1 Summary of studies with transfer coefficient data for harvesting of orchard fruit. 
BROWSE study ID  U127 U112 U124 
Reference Vercruysse, 2000 Spencer et al., 1993 Schneider et al., 1990 
Active substance(s) Tolylfluanid Azinphos-methyl, phosmet Azinphos-methyl 
Formulation WP WP WP 
Application rate (kg a.s./ha) 1.41 0.84 – 3.36 0.78 
Crop Apples Peaches, apples Nectarines 
Re-entry interval (days) 2 - 22 23 – 62  52 – 56 
Sampling  
methods 
DFR Whole leaves Leaf punches Leaf punches 
Hands Gloves Hand wipes (and gloves) Hand washes 
Body1 Patches Whole body dosimetry Whole body dosimetry 
Head Patches Face/neck wipes Face/neck wipes 
Results DFR (µg/cm²) 0.043 – 1.25 0.009 – 2.5 0.27 – 0.33 
DE (µg/h) Hands P: 1123 – 42600 P: 963 – 1730 A: 46 – 376 
Body1 P: 385 – 33981 NA P: 700 – 3750 
Head P: 2.6 – 682 NA P: 3 – 24 




Hands P: 16799 – 52593 (n = 9) P: 1607 – 5281 (n = 5) A: 141 – 1214 (n = 31) 
Body (+ head) P: 9021 – 32081 (n = 9) NA P: 2130 – 12174  (n = 31) 
Total NA A: 286 – 14205 (n = 16) NA 
 Type Single values Summary statistics Single values 




Table A-1 Summary of studies with transfer coefficient data for harvesting of orchard fruit (continued). 
BROWSE study ID  TC01 U114 TC04 TC15-A 
Reference Stamper et al., 1986 Nigg et al., 1984 Spencer et al., 1991 Popendorf et al., 1979 
Active substance(s) Chlorobenzilate Chlorobenzilate Azinphos-methyl Phosalone 
Formulation NA NA NA WP 
Application rate (kg a.s./ha) 2.24  2.8 0.84 – 1.68  4.5 – 5.6  
Crop Oranges Oranges Peaches Peaches 
Re-entry interval (days) 8 – 15  2 50 – 74  3 – 24  
Sampling  
methods 
DFR Leaf punches Leaf punches Leaf punches Leaf punches 
Hands Hand washes Hand washes Hand wipes and washes Patch on glove 
Body1 Patches Patches Whole body dosimetry Patches 
Head NS NS NS Patches 
Results DFR (µg/cm²) 0.437 – 0.748  0.111 – 0.217  0.37 – 1  0.9 – 3.59  
DE (µg/h) Hands A: 30 – 113 24 – 1050 273 – 2077 5367 – 5689  
Body1 A: 277 – 2085  1157 – 16846    P: 3071 – 8885  
A: 850 – 4000  
1181 – 3006  
Head NS NS NS 427 – 1443  




Hands A: 56 – 207 (n = 6) A: 166 – 4912 (n = 30) A: 737 – 3108 (n = 10) P: 1380 – 6173 (n = 4) 
Body (+ head) A: 634 – 3826 (n = 6) P: 5333 – 119253 (n = 30) P: 4425 – 23964 (n = 10) 
A: 850 – 10090 (n = 10) 
A: 460 – 1254 (n = 4) 
Total NA NA NA NA 
Type Summary statistics Single values Summary statistics Summary statistics 




Table A-2 Summary of studies with transfer coefficient data for harvesting of grapes. 
BROWSE study ID  TC10 
Reference O'Connell et al., 1993 
Active substance(s) Captan 
Formulation DP 
Application rate (kg a.s./ha) 4.20  
Crop Grapes 
Re-entry interval (days) 119 
Sampling  
methods 
DFR Leaf punches 
Hands Hand wipes 
Body1 Patches + whole body dosimetry 
Head Face wipes 
Results DFR (µg/cm²) 0.030 – 1.250  
DE (µg/h) Hands A*: 13 – 1333  
Body1 A: 10 – 1210  





Hands A: 60 – 6299 (n = 51) 
Body (+ head) A: 55 – 5009 (n = 51) 
Total NA 
Type Single values 
1




Table A-3 Summary of studies with transfer coefficient data for harvesting of ornamentals. 
BROWSE study ID  T036 U093 T059 
Reference Brouwer et al., 1992d van Hemmen et al., 1992 de Haan et al., 1996 
Active substance(s) Chlorothalonil, thiophanate-
methyl, thiram, zineb  




Formulation WP, DP and liquid NA Liquid 
Application rate (kg a.s./ha) 0.74 – 3.75  NA NA 
Crop Carnations Roses and carnations  Carnations 
Re-entry interval (days) 1  0 – 1  1 – 26  
Sampling  
methods 
DFR Whole leaves Whole leaves Whole leaves 
Hands Gloves Gloves Gloves 
Body1 NS NS NS 
Head NS NS NS 
Results DFR (µg/cm²) 1.1 – 5.0 NA (graphical) 0.07 – 4.96 
DE (µg/h) Hands P: 4400 – 16100  P: 13 – 15200 P: 227 – 31533  
Body1 NS  NS NS 
Head NS NS NS 




Hands P: 2800 – 10000 (n = 5) P: 1200 – 10000 (n = 5) P: 946 – 10653 (n = 44) 
Body (+ head) NA NA NA 
Total NA NA NA 
Type Summary statistics Summary statistics Single values 
1




Table A-3 Summary of studies with transfer coefficient data for harvesting of ornamentals (continued). 
BROWSE study ID  T196 TC06 U100 
Reference Veerman et al., 1994 Kirknel et al., 1997 Schneider et al., 2002 
Active substance(s) Chlorothalonil Pirimicarb Diazinon 
Formulation Liquid Solid WP 
Application rate (kg a.s./ha) 0.44 – 2.79 0.88 0.09 
Crop Chrysanthemums Roses Roses 
Re-entry interval (days) 11 – 56 1 1 
Sampling  
methods 
DFR Whole leaves Leaf punches Leaf punches 
Hands Gloves Gloves Hand wipes 
Body1 NS Whole body dosimetry Whole body dosimetry 
Head NS NS Face wipes 
Results DFR (µg/cm²) NA (graphical) 0.015 0.002 – 0.008 
DE (µg/h) Hands P: 1.1 – 3.6 22 – 117  A: 0.03 – 1.08 
Body1 NS 414 – 416  A: 3 – 17  
Head NS NS A: 0.08 – 0.61  




Hands P: 1032 – 1335 (n = 2) P: 1427 – 7616 (n = 2) A: 7 – 304 (n = 17) 
Body (+ head) NA P: 26999 – 27121 (n = 2) A: 645 – 4904 (n = 17) 
Total NA NA NA 
Type Summary statistics Single values Single values 
1




Table A-4 Summary of studies with transfer coefficient data for harvesting of indoor fruiting vegetables. 
BROWSE study ID  T170 SP02 SP03 
Reference Schipper et al., 1998b LAB, 2010b LAB, 2010a 
Active substance(s) Bupirimate Piridaben Chlorantraniliprole 
Formulation Liquid WP WG 
Application rate (kg a.s./ha) 0.43 – 2.0 0.4 0.035 
Crop Cucumbers Cucumbers Aubergines 
Re-entry interval (days) 1 – 5   1 – 3  2 – 3  
Sampling  
methods 
DFR Leaf punches Leaf punches Leaf punches 
Hands Gloves Gloves Gloves 
Body1 Whole body dosimetry Whole body dosimetry Whole body dosimetry 
Head Headband Cap Cap 
Results DFR (µg/cm²) 0.13 – 0.72  0.040 – 0.136 0.017 – 0.029 
DE (µg/h) Hands P: 253 – 611 P: 0 – 99 P: 36 – 153 
Body1 P: 172 – 1911 
A: 1.91 – 161  
P: 0 – 40 P: 19 – 85 
Head P: 0.42 – 38.0  NA NA 




Hands P: 535 – 3232  (n = 14) P: 0 – 988 (n = 30 ) P: 1726 – 7752 (n = 20 ) 
Body (+ head) P: 1108 – 4550 (n = 14) 
A: 7 – 376 (n = 14)   
P: 0 – 606 (n = 30 ) P: 983 – 4214 (n = 20 )  
Total NA NA NA 
Type Single values Singe values Single values 
1




Table A-5 Summary of studies with transfer coefficient data for harvesting of soft fruit (other than grapes). 
BROWSE study ID U022 TC02 TC05 
Reference Lanning et al., 1998 Bradman et al., 2009 Zweig et al., 1984 
Active substance(s) Abamectin Malathion Carbaryl 
Formulation EC NA NA 
Application rate (kg a.s./ha) 0.022 NA 2.24 
Crop Strawberries Strawberries Strawberries 
Re-entry interval (days) 3 72 15 – 17 
Sampling  
methods 
DFR Leaf punches Leaf punches Leaf punches 
Hands Hand washes Hand washes Gloves 
Body1 Whole body dosimetry NS Patches 
Head Face swabs NS NS 
Results DFR (µg/cm²) 0.00084 0.6 – 1.4 0.15 – 0.77  
DE (µg/h) Hands A*: 0.36 – 1.68 A(*): 4 – 143 P: 720 – 1420  
Body1 A: 0.06 – 0.98 NS A: 410 – 660 
Head A*: 0.006 – 0.008 NS NS 




Hands A*: 429 – 2000 (n = 32) A(*): 2 – 196 (n = 3) P: 2036 – 3064 (n = 3) 
Body (+ head) A: 69 – 1167 (n = 28) NS A: 745 – 1830 (n = 3) 
Total NA NA NA 
Type Singe values Summary statistics Summary statistics 
1




Table A-5 Summary of studies with transfer coefficient data for harvesting of soft fruit (continued). 
BROWSE study ID TC12 TC16 
Reference Zweig et al., 1983 Zweig et al., 1985 
Active substance(s) Captan / benomyl Captan, vinclozolin, methiocarb 
Formulation EC NA 
Application rate (kg a.s./ha) 4.48 / 1.12 1.1 – 2.8 
Crop Strawberries Strawberries, blueberries 
Re-entry interval (days) 4 3 – 8 
Sampling  
methods 
DFR Leaf punches Leaf punches 
Hands Gloves Gloves 
Body1 Patches Patches 
Head NS Patch 
Results DFR (µg/cm²) 4.21 – 4.89 0.005 – 7.83 
DE (µg/h) Hands P: 970 – 58130  P: 130 – 14350  
Body1 A: 60 – 20040  A: 20 – 7040  
Head NS NA 




Hands P: 1293 – 18520 (n = 20) P: 1330 – 54004 (n = 8) 
Body (+ head) A: 80 – 4404 (n = 20) A: 393 – 7449 (n = 8) 
Total NA NA 
Type Single values Summary statistics 
1




Table A-6 Summary of studies with transfer coefficient data for thinning of orchard fruit. 
BROWSE study ID U112 
Reference Schneider et al., 1990 
Active substance(s) Azinphos-methyl 
Formulation WP 
Application rate (kg a.s./ha) 1.68 
Crop Peaches 
Re-entry interval (days) 31 
Sampling  
methods 
DFR Leaf punches 
Hands Hand wipes 
Body1 Whole body dosimetry 
Head Face wipes 
Results DFR (µg/cm²) 0.49 
DE (µg/h) Hands NA 
Body1 Na 
Head NA 





Body (+ head) NA 
Total A: 3316 (n = 1) 
Type Summary statistics 
1








USE OF SURVEY DATA IN THE WORKER EXPOSURE MODEL 
1 THE BROWSE AND CAPEX SURVEYS 
1.1 BROWSE SURVEYS 
The BROWSE surveys were developed in close collaboration with the BROWSE partners 
responsible for addressing stakeholder and gender issues. One part of the survey focused on 
factors influencing the PPP exposure levels, including the channels and frequency of PPP 
exposure as well as mitigation measures used to reduce the exposure. A second part of the 
survey included questions on risk perceptions and attitudes associated with exposure to 
PPPs. A different questionnaire was set up for each stakeholder group (operators, workers, 
residents and bystanders). 
Data collection took place from March to December 2012 in Greece, Italy and the UK using 
face-to-face interviews. A description of the surveys, including details on the data collection 
and descriptive statistics, has been published by Frewer et al. (2015). A brief summary of this 
information is given below with a focus on the data that is important for the worker 
exposure model. 
 
1.1.1 ITALIAN DATA 
The Italian survey team collected data on workers active in three different crop groups: 
greenhouse crops, table grapes and wine grapes. An overview of the sampling locations can 
be found in Figure B-1.  
 
The total number of surveys collected was 16, 19 and 25 surveys for greenhouses, table 
grapes and wine grapes respectively. One survey from the table grape group was not 
considered in the analysis because the worker reported to spend 100% of his time working 
in outdoor vegetables.  
1.1.1 GREEK DATA 
In Greece, survey data were collected for workers active in olive trees and greenhouse 
vegetables. The sampling locations are displayed in Figure B-1. 
The total sampling group of 57 workers was split up into two groups according to crop 
group: greenhouse vegetables and olive trees. This process resulted in 23 greenhouse 





Figure B-1 Survey sampling locations in Italy (left) and Greece (right). 
 
1.1.2 UK DATA 
The UK data were collected for workers active in arable crops. As this crop group was not 
identified as a priority for worker exposure modelling, the UK data were not considered in 
the data analysis. 
olive trees 










Village/City/Town: ____________________________________ GPS coordinates (if available): _________________ 
 
Introduction: 
My name is ….. , I am from X University/Institute and I am working for a project financed by the European Union. We are carrying out this 
survey to understand how operators and workers, residents and bystanders come into contact with pesticides. Understanding people’s 
practices and behavior will help us to improve the way exposure to pesticides is assessed by regulators, which is expected to benefit the 
agricultural industry, workers, citizens and rural communities that use or live in the countryside. We would be most grateful if you could take 
about 30 minutes to complete this questionnaire. Responses are strictly confidential and there are no correct or wrong answers; we just want 
your opinion. Thank you in advance for your cooperation. 
 
Note for the interviewer 
Before implementing the questionnaire please read the following definition of a pesticide: 
In the context of this survey a pesticide means a chemical substance used to control pests’ diseases and weeds, or regulate growth.   
 




Part A: Type of crops 
 
1. Which of the following crop groups do you work in/with? Please indicate what percentage of your work time you spend working 
in each crop group. 
 
Crop group  % of work time 
Vine crops  
 
 
Olive trees  
 
 
Top fruit trees (e.g. apples, citrus)  
 
 
Soft fruit bush crops  
 
 
Arable crops (e.g. cereals, potatoes, oilseed rape)  
 
 
Ornamentals protected (e.g. greenhouse)  
 
 
Ornamentals outdoor  
 
 
Vegetables/fruit protected (e.g. greenhouse)  
 
 






Part B: PESTICIDE exposure 
 
2. Can you please specify which types of clothing you wear as normal work clothing during the COLD SEASON (e.g. fall/winter) and 
WARM SEASON (e.g. spring/summer)? Please indicate how often you wear the clothing (in % of work time). 
 
COLD SEASON 
Clothing  % of work time 
Long-sleeved shirt   
T-shirt   
Shorts    
Full length trousers   
Hat/cap   
Apron    
Bib and brace   
Coverall   
Rain wear: 1 piece   
Rain wear: 2 pieces   
Leather/fabric boots   
Rubber Boots   
Open shoes/sandals   
Cotton gloves   
No shirt   
Skirt   
 
WARM SEASON 
Clothing  % of work time 
Long-sleeved shirt   
T-shirt   
Shorts    
Full length trousers   
Hat/cap   
Apron    
Bib and brace   
Coverall   
Rain wear: 1 piece   
Rain wear: 2 pieces   
Leather/fabric boots   
Rubber Boots   
Open shoes/sandals   
Cotton gloves   
No shirt   






3. Can you please specify which types of Personal Protective Equipment (PPE) you use to protect yourself from pesticides during 
the COLD SEASON (e.g. fall/winter) and WARM SEASON (e.g. spring/summer)? Please indicate how often you wear each type of 
PPE (in % of work time). 
COLD SEASON 
PPE  % of work time If possible, please specify the type.  
Chemical  
protective gloves 




  type 6 (tyvek)/type 4 (taped seams)/type 3 (non-
breathable) 




   
 
WARM SEASON 
PPE  % of work time If possible, please specify the type. 
Chemical  
protective gloves 




  type 6 (tyvek)/type 4 (taped seams)/type 3 (non-
breathable) 








4. Could you indicate in the table below which months of the year are 
 Peak months (PM) of working in/with crops  
 Normal months (NM) when you do shorter hours  
 Non active (NA) months when you do no work in/with crops 
  
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 
            
 
5. Please indicate the number of days per week in which you are engaged in worker activities. Worker activities are activities 
performed in the crop after application of pesticides (e.g. harvesting apples). If appropriate, please also indicate the number of 
days per week in which you are engaged in operator/mixing/loading activities. 
 
Duration During peak months During normal months 




   
 
6. For only those days in which you are engaged in worker activities, please indicate the number of hours per day (ignoring days 
when you do not engage activities).  
 
Duration During peak months During normal months 
Worker activities  Operator activities  Worker activities  Operator activities  
Hours/day 
Minimum     
Average     




7. Please fill in all the empty cells in the following table to indicate how the amounts of time you spend on worker and 
operator/mixing hours on the same day are related: 
Number of hours spent on worker activities in one day  0 2 4 6 8 10 12 
Maximum hours spent on operator/mixing/loading in the 
same day 
       
 
 
8. How often does your skin (covered or bare) come into contact with each of the following categories of crop? Please indicate the 
percentage of your working time for each category. 
 




Wet crop: because the spraying solution hasn’t dried yet 
 
  
Wet crop: because of rain 
 
  
Wet crop: because of dew/condensation 
 
  






9. For the ORCHARDS please indicate which tasks you perform and in which period of the year. Please indicate whether the task is 
done mechanically or manually and how often you engage in it. Please state which body parts (covered or bare skin) come into 
contact with the crop during the activity.  
Entire body: WB 












Body parts in contact with crop* 
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       




1.2 CAPEX SURVEYS 
The European Food Safety Authority (EFSA) funded an 18-month project to address 
cumulative exposure to plant protection products (PPPs) by means of carrying out pilot 
surveys in six EU Member States (MS): UK, Belgium, Spain, Greece, Poland and Italy. The 
project was named: “Collection and assessment of data relevant for non-dietary cumulative 
exposure to pesticides and proposal for conceptual approaches for non-dietary cumulative 
exposure assessment”. EFSA published the final report on its website in September 2012. 
The pilot EFSA surveys have collected information on a wide range of factors for both 
operators and workers such as the number of hours worked each day for specific operator 
and worker tasks, personal protective equipment (PPE) used etc. The following crops were 
sampled: 
 
UK   
 
Arable Crops 
Soft fruit  
Belgium Greenhouse ornamentals 
Outdoor vegetables  
Spain Greenhouse fruiting vegetables 
Greece Greenhouse fruiting vegetables 
Arable crops (cotton/maize)  
Poland Arable crops (wheat) 
Orchard fruit (apple)  
Italy Vineyards (wine grapes) 
 
The survey results were entered in a database. This database holds the records of all 
holdings and all the sampled operators and/or workers. Each individual was given a unique 
reference number, allowing the user to extract information on that individual for specific 
periods or a whole growing season. Form 6 of the survey focused on worker and worker 
activities. The information includes the performed activities, working hours, re-entry 
interval and types of PPE and clothing used. The availability and completeness of the 
records varied greatly between the different holdings and the different countries (Glass et 
al., EFSA report CFT/EFSA/PPR/2010/04, 2012).  
The database is a source of relevant information for WPs 1 and 2 of the BROWSE project. 
The aim of this document was to summarize the information relevant for worker exposure, 












2 ANALYSIS OF THE BROWSE SURVEY DATA 
The data for the three different crop groups were analysed separately because of the 
possible difference in cultural practices. These differences may result in different exposure 
levels due to influencing factors such as a different use of personal protective equipment. 
 
2.1 ITALIAN DATA 
1. Which of the following crop groups do you work in/with? Please indicate what 
percentage of your work time you spend working in each crop group. 
 
Greenhouse workers (n = 16) 
The majority of the surveyed greenhouse workers (n = 15) reported to spend 100% of their 
time working with indoor crops. Eleven workers only worked in indoor ornamentals, two 
workers only in indoor vegetables and another two workers combined ornamentals and 
vegetables. Only one worker reported to spend some time on outdoor crops, namely 
outdoor ornamentals. 
 
Table grapes (n = 18) 
Ten out of 18 workers indicated to spend all of their time working in vines, whereas eight 
workers combined vines with other crops such as olives, top fruit and outdoor vegetables. 
For these workers, the time spent working in vines ranged from 40 to 99%. 
 
Wine grapes (n = 25) 
Most workers (n = 19) said to spend 100% of their work time on activities in vines. Six 
workers combined their work in wine grapes with working in olives, top fruit and arable 
crops. For these workers, the time spent working in vines ranged from 50 to 99%. 
 
 
2. Can you please specify which types of clothing you wear as normal work clothing 
during the COLD SEASON (e.g. fall/winter) and WARM SEASON (e.g. spring/summer)? 
Please indicate how often you wear the clothing (in % of work time). 
3. Can you please specify which types of personal protective equipment (PPE) you use to 
protect yourself from pesticides during the COLD SEASON (e.g. fall/winter) and WARM 
SEASON (e.g. spring/summer)? Please indicate how often you wear each type of PPE 
(in % of work time). 
Questions 2 and 3 of the survey were aimed at identifying which and how often different 
types of work clothing and PPE are worn by workers during re-entry activities. A pre-existing 




categories of PPE (e.g. chemical protective gloves) were listed since workers might often not 
be aware of the specific type of PPE worn. Nevertheless, the specific type was recorded for 
workers who did know (e.g. latex). 
Table B-2, Table B-3 and Table B-4 present the types of clothing and PPE worn by workers in 
greenhouses, table grapes and wine grapes respectively. Empty cells represent types of 
clothing and PPE not worn by the workers. Clothing and PPE types identified by more than 
75% of the workers are highlighted in green. Types worn by 50 to 75% of the workers are 
highlighted in yellow. 
 
Normal work clothing 
According to the results from Table B-2, Table B-3 and Table B-4, the WP2 model should aim 
to incorporate the following types of normal work clothing in the software: 
 Upper body: t-shirt and long-sleeved shirt 
 Lower body: full length trousers and shorts 
 Head: cap/hat 
 Feet: rubber boots and leather boots 
Additionally, default clothing types have been proposed for the two crop groups in Table 
B-1. 
 
Table B-1 Proposed default clothing for indoor ornamental and grape workers. 
Crop group Cold season Warm season 
Indoor ornamentals Full length trousers + long sleeved shirt Full length trousers + t-shirt 
Grapes Full length trousers + long sleeved shirt + cap Shorts + t-shirt + cap 
 
 
Personal protective equipment (PPE) 
The use of mitigation measures such as protective clothing should not be considered in first 
tier exposure estimates because these are aimed at providing conservative exposure 
assessments. Therefore, the information collected on the use of personal protective 
equipment was only used to identify the types of PPE that should be made available in the 
BROWSE software. 
In contrast to the expectations, the number of workers reporting to wear chemical 
protective gloves, coveralls and masks was quite high. Further analysis shows that the most 
commonly reported types of gloves were leather and fabric. Although these gloves provide 




gloves more as a measure to protect the hands against e.g. dirt than as a measure to protect 
against PPP residues. Unexpectedly, workers also report high use frequencies of coveralls 
and masks in table grapes. It is highly unlikely that workers wear coveralls or masks when 
performing re-entry activities such as harvesting. A possible explanation for this reported 
use is that all table grape workers were also operators, as clearly reflected in questions 5 
and 6 (Table B-5 and Table B-6). As a result, these workers are likely to have answered the 
question on PPE from an operator point-of-view. Therefore, the results for table grapes will 
not be used to draw any further conclusions. 
Greenhouse workers reported the use of the following types of gloves: 
 cold season: latex (n = 9), leather (n = 3), nitrile (n = 1), fabric (n = 1); 
 warm season: latex (n = 9), leather (n = 3), nitrile (n = 1), fabric (n = 1). 
Wine grape workers reported the use of the following types of gloves: 
 cold season: leather (n = 10), fabric (n = 6), latex (n = 2), nitrile (n = 1), rubber (n = 1); 
 warm season: leather (n = 10), fabric (n = 9), latex (n = 3), nitrile (n = 1), rubber (n = 
1). 
These results suggest that latex, leather and fabric gloves are most commonly used by re-
entry workers and should be included in the software. However, these glove types are not 
chemical protective and cannot be considered as PPE. From this point forward, these glove 
types will be referred to as non-chemical protective gloves. From a training perspective, it 
was considered useful to add a chemical protective type of glove (e.g. nitrile) to the list of 
options to demonstrate the effect of their use on exposure. Hence, the following options 
were incorporated into the BROWSE software: no gloves, non-chemical protective gloves 
and chemical protective gloves. 
Other types of protective clothing were not reported by greenhouse workers and were not 
very common for wine grape workers (Table B-2 and Table B-4). Therefore, it was decided 





Table B-2 Types of clothing and personal protective equipment (PPE) worn by workers in greenhouses. 
TYPE OF CLOTHING/PPE COLD SEASON WARM SEASON 
no. of workers % of work time no. of workers % of work time 







1 Long-sleeved shirt 88% (n = 14) 100 0 100 6% (n = 1) 100 0 100 
2 T-shirt 19% (n = 3) 100 0 100 94% (n = 15) 100 0 100 
3 Shorts     13% (n = 2) 100 0 100 
4 Full length trousers 100% (n = 16) 100 0 100 88% (n = 14) 100 0 100 
5 Hat/cap 6% (n = 1) 100 0 100 38% (n = 6) 85 16 70-100 
6 Apron         
7 Bib and brace         
8 Coverall         
9 Rain wear: 1 piece         
10 Rain wear: 2 pieces         
11 Leather/fabric boots 13% (n = 2) 100 0 100 6% (n = 1) 100 0 100 
12 Rubber Boots 19% (n = 3) 53 45 10-100     
13 Open shoes/sandals         
14 Cotton gloves 13% (n = 2) 60 57 20-100 19% (n = 3) 50 44 20-100 
15 No shirt         




1 Chemical protective gloves 88% (n = 14) 74 30 20-100 88% (n = 14) 74 30 20-100 
2 Chemical protective coverall         
3 Mask         




Table B-3 Types of clothing and personal protective equipment (PPE) worn by workers in table grapes. 
TYPE OF CLOTHING/PPE COLD SEASON WARM SEASON 
no. of workers % of work time no. of workers % of work time 







1 Long-sleeved shirt 83% (n = 15) 93 22 15-100 33% (n = 6) 50 20 20-80 
2 T-shirt 11% (n = 2) 100 0 100 100% (n = 18) 73 32 5-100 
3 Shorts     67% (n = 12) 42 19 15-70 
4 Full length trousers 83% (n = 15) 90 22 30-100 100% (n = 18) 67 30 20-100 
5 Hat/cap 61% (n = 11) 94 16 50-100 56% (n = 10) 56 26 20-100 
6 Apron         
7 Bib and brace 17% (n = 3) 33 12 20-40 6% (n = 1) 10 0 10 
8 Coverall 33% (n = 6) 50 32 20-100 6% (n = 1) 20 0 20 
9 Rain wear: 1 piece         
10 Rain wear: 2 pieces 6% (n = 1) 10 0 10     
11 Leather/fabric boots 67% (n = 12) 83 19 50-100 56% (n = 10) 100 0 100 
12 Rubber Boots 33% (n = 6) 33 10 20-50     
13 Open shoes/sandals         
14 Cotton gloves 11% (n=2) 13 11 5-20     
15 No shirt     22% (n = 4) 12 5 8-20 




1 Chemical protective gloves 50% (n = 9) 59 31 10-100 78% (n = 14) 66 27 15-100 
2 Chemical protective coverall 39% (n = 7) 74 28 29-100 83% (n = 15) 86 19 50-100 
3 Mask 50% (n = 9) 76 30 10-100 100% (n = 18) 90 18 30-100 




Table B-4 Types of clothing and personal protective equipment (PPE) worn by workers in wine grapes. 
TYPE OF CLOTHING/PPE COLD SEASON WARM SEASON 
no. of workers % of work time no. of workers % of work time 







1 Long-sleeved shirt 84% (n = 21) 96 17 20-100 16% (n = 4) 73 26 50-100 
2 T-shirt 12% (n = 3) 93 12 80-100 88% (n = 22) 91 23 10-100 
3 Shorts     48% (n = 12) 90 20 50-100 
4 Full length trousers 88% (n = 22) 96 17 20-100 44% (n = 11) 91 20 50-100 
5 Hat/cap 68% (n = 17) 90 23 25-100 60% (n = 15) 86 26 20-100 
6 Apron         
7 Bib and brace 16% (n = 4) 100 0 100 12% (n = 3) 80 26 50-100 
8 Coverall 24% (n = 6) 97 8 80-100 16% (n = 4) 58 49 10-100 
9 Rain wear: 1 piece 32% (n = 8) 35 36 10-100 8% (n = 2) 100 0 100 
10 Rain wear: 2 pieces         
11 Leather/fabric boots 40% (n = 10) 71 42 9-100 56% (n = 14) 94 19 30-100 
12 Rubber Boot 76% (n = 19) 77 39 5-100 44% (n = 11) 81 39 5-100 
13 Open shoes/sandals     4% (n = 1) 100 0 100 
14 Cotton gloves 56% (n = 14) 89 22 30-100 52% (n = 13) 84 26 30-100 
15 No shirt     20% (n = 5) 47 40 10-100 




1 Chemical protective gloves 84% (n = 21) 90 18 50-100 80% (n = 20) 86 25 30-100 
2 Chemical protective coverall 4% ( n = 1) 100 0 100 4% (n = 1) 10 0 10 
3 Mask 12% (n = 3) 55 64 10-100 24% (n = 6) 36 43 10-100 




4. Could you indicate in the table below which months of the year are 
 Peak months (PM) of working in/with crops  
 Normal months (NM) when you do shorter hours  
 Non active (NA) months when you do no work in/with crops 
 
Greenhouses  
Figure B-2 illustrates the yearly pattern of peak months, normal months and non-active months in 
Italian greenhouses. The figure demonstrates that the winter months are characterized by non-
activity for most workers. Spring, summer and autumn are periods of normal to peak activity. 
Especially spring is considered to be a peak period, with more than 50% of the workers indicating the 
spring months as peak months.  
 
Table grapes  
As depicted in Figure B-3, a large majority of the table grape workers report late spring and summer 
(May-September) to be a peak period. December, January and February are considered as non-
active months by more than 50% of the workers. March, April, October and November were most 
often reported as months of normal activity. 
 
Wine grapes  
Figure B-4 shows a more complex yearly pattern for wine grape workers compared to the one for 
table grape workers. All months, except May, have been indicated as a normal, peak or non-active 
month by at least one worker. Nonetheless, the figure suggests that the period from May to 
September can be seen as the peak period for wine grape workers.  
 
 


































Figure B-3 Yearly pattern of non-active (NA), normal (NM) and peak months (PM) in table grapes. 
 
 



























































5. Please indicate the number of days per week in which you are engaged in worker 
activities. Worker activities are activities performed in the crop after application of 
pesticides (e.g. harvesting apples). If appropriate, please also indicate the number of 
days per week in which you are engaged in operator/mixing/loading activities. 
Table B-5 shows the average days per week and weeks per month during which the workers 
are involved in worker activities. From the table, it is evident that none of the greenhouse 
workers were also engaged in operator activities. In contrast, all table grape workers were 
also operators. For the wine grape group, only two workers reported to be involved in 
operator work as well. This is reflected in the lower average days/week and weeks/month 
compared with the table grape workers. 
 
Table B-5 Average days/week and weeks/month for greenhouse and grape workers. 
Duration During peak months During normal months 
Worker Operator Worker Operator 
Greenhouse workers 
Average days/week AM ± SD 5.4 ± 0.9  3.8 ± 2.0  
Range 3 – 6  0 – 6  
Average weeks/month AM ± SD 4 ± 0  4 ± 0  
Range 4  4  
Table grape workers 
Average days/week AM ± SD 4.9 ± 1.7 1.9 ± 1.2 4.9 ± 2.0 1.0 ± 1.1 
Range 1 – 7 1 – 5 0 – 7 0 – 3 
Average weeks/month AM ± SD 3.5 ± 0.6 1.2 ± 1.1 3.4 ± 1.1 0.7 ± 1.0 
Range 2 – 4 0.5 – 4 0 – 4 0 – 3 
Wine grape workers 
Average days/week AM ± SD 5.3 ± 0.9 0.1 ± 0.2 4.8 ± 1.5 0.0 ± 0.2 
Range 2.5 – 7 0 – 1 0 – 6.5 0 – 1 
Average weeks/month AM ± SD 3.9 ± 0.2 0.3 ± 0.9 3.6 ± 1.1 0.1 ± 0.2 
Range 3 – 4 0 – 4 0 – 4 0 – 1 
 
 
6. For only those days in which you are engaged in worker activities, please indicate the 
number of hours per day (ignoring days when you do not engage activities).  
The minimum, average and maximum working hours per day for each of the worker 
categories are presented in Table B-6. Greenhouse workers work on average 7 hours/day 
during peak months and 5 hours/day during normal months. None of the greenhouse 
workers spend any time on operator activities, as already suggested by the results in Table 
B-5. Table grape and wine grape workers both spend on average 8 hours/day on worker 
activities during peak months and 7 hours/day during normal months. In addition, table 




hours/day during peak months and 3 hours/day during normal months.  
Since only two wine grape workers were also operators, these workers spend on average 
only a limited amount of time on operator tasks: 1 hour/day during peak months and less 
than 1 hour/day during normal months.  
 
Table B-6 Minimum, average and maximum hours/day for greenhouse and grape workers. 
Hours per day 
(AM ± SD) 
During peak months During normal months 
Worker Operator Worker Operator 
Greenhouse workers 
Minimum 6.6 ± 1.7  4.6 (± 2.3)  
Average 6.7 ± 1.7  4.7 (± 2.2)  
Maximum 6.8 ± 1.8  4.8 (± 2.2)  
Table grape workers 
Minimum 7.1 ± 1.0 5.3 ± 2.3 5.8 ± 2.0 2.2 ± 2.1 
Average 8.3 ± 1.1 6.5 ± 2.1 6.8 ± 2.0 2.7 ± 2.4 
Maximum 9.7 ± 1.5 7.6 ± 2.1 7.8 ± 2.4 3.7 ± 2.9 
Wine grape workers 
Minimum 7.5 ± 1.8 0.7 ± 2.5 6.7 ± 2.2 0.3 ± 1.4 
Average 8.4 ± 1.9 0.9 ± 3.2 7.2 ± 1.9 0.3 ± 1.6 
Maximum 9.3 ± 2.4 1.1 ± 3.8 7.7 ± 2.0 0.4 ± 2.0 
 
 
7. Please fill in all the empty cells in the following table to indicate how the amounts of 
time you spend on worker and operator/mixing hours on the same day are related: 
The results from question 7 were not analysed because a lot of data was missing. 
 
 
8. How often does your skin (covered or bare) come into contact with each of the 
following categories of crop? Please indicate the percentage of your working time for 
each category. 
Little or no information is available on whether the crop is dry or wet during re-entry 
activities. The aim of this question was to identify if re-entry in a wet crop occurs and how 
often it occurs.  
Table B-7 shows if and how often workers come into contact with a dry or wet crop. A wet 
crop can be the result of a spray application, rain or dew/condensation. The results show 
that none of the workers enter the crop when the spraying solution hasn’t dried yet. Some 
re-entry activities take place in a wet crop due to rain or dew/condensation, but most 





Table B-7 Contact frequency with dry and wet crop for greenhouse and grape workers. 
Crop category % of working time 
AM ± SD Range 
Greenhouse workers 
Dry crop 90 ± 28 10 – 100 
Wet crop: because the spraying solution hasn’t dried yet   
Wet crop: because of rain (or irrigation) 5 ± 14 0 – 45 
Wet crop: because of dew/condensation 5 ± 14 0 – 45 
Table grape workers 
Dry crop 81 ± 13 60 – 100 
Wet crop: because the spraying solution hasn’t dried yet   
Wet crop: because of rain 12 ± 10 0 – 34 
Wet crop: because of dew/condensation 7 ± 6 0 – 20 
Wine grape workers 
Dry crop 89 ± 22 0 – 100 
Wet crop: because the spraying solution hasn’t dried yet   
Wet crop: because of rain 4 ± 5 0 – 15  
Wet crop: because of dew/condensation 7 ± 19 0 – 90  
 
 
9. For the GREENHOUSES/GRAPES please indicate which tasks you perform and in which 
period of the year. Please indicate whether the task is done mechanically or manually 
and how often you engage in it. Please state which body parts (covered or bare skin) 
come into contact with the crop during the activity.  
 
An overview of the top 5 of most commonly performed tasks in table grapes and wine 
grapes is presented in Table B-8. Unfortunately, no top 5 could be made for greenhouses 
since no data were available from the greenhouse surveys. 
Pruning, harvesting and removing shoots are listed in the top 5 of both table grapes and 
wine grapes. Other tasks recorded by table grape workers were binding/tying, PPP 
application (n = 7), propagation (n = 4), fertilization (n = 2), general cultivation, mowing and 
transplanting (n = 1). Wine grape workers also mentioned PPP application (n = 3), hoeing (n 
= 2), bottling, general cultivation, irrigation, milling, mowing, planting and topping (n = 1). 
Harvesting and pruning of grapes were identified as priority scenarios for modelling in WP2 






Table B-8 Top 5 of tasks performed by grape workers. 









1 Pruning 32 
2 Tillage 16 
3 Harvesting 12 
4 Placing of nets and covers 12 









1 Pruning 24 
2 Binding/tying 15 
3 Harvesting 12 
4 Removing shoots 11 
5 Thinning 7 
 
 
Priority scenarios: harvesting of ornamentals and grapes and pruning of grapes 
All table grape workers and most wine grape workers report that harvest is done manually; 
only two wine grape workers reported to harvest mechanically. The hands, lower arms, 
upper arms and the head are the body parts most commonly reported to make contact with 
the crop. Only one worker reported the legs as well. Most pruning in table and wine grapes 
is done manually, although some is done mechanically or by a combination of both. Again, 
the hands, lower arms, upper arms and the head are considered to make most contact with 
the crop. 
The average hours/day and days/week spent on harvesting and pruning by table and wine 
grape workers is listed in Table B-9. Table grape workers spent on average 7.6 and 7.3 
hours/day on harvesting and pruning respectively. Wine grape workers work on average 
slightly longer hours on harvesting (8.2 hours/day) and slightly shorter hours on pruning 
(6/9 hours/day) compared to table grape workers. Table grape workers tend to have longer 
work weeks than wine grape workers: 5.4 and 4.4 days/week respectively. 
 
Table B-9 Average hours/day and days/week spent on harvesting and pruning in table and wine 
grapes. 
Task Average hours/day Average days/week 
AM ± SD Range AM ± SD Range 
Table grapes 
Harvesting 7.6 ± 1.4 5 – 10 5.4 ± 1.8 3 – 7 
Pruning 7.3 ± 1.2 4 – 10 5.3 ± 1.6 2 – 7 
Wine grapes 
Harvesting 8.2 ± 0.8 7 – 10 4.4 ± 2.3 1 – 7 




Based on this information, default working hours for harvesting and pruning of grapes have 
been proposed in Table B-10. A proposed default for harvesting of ornamentals was also 
added, based on the overall working hours from Table B-6. 
 
Table B-10 Proposed default working hours for the priority scenarios. 
Scenario Proposed defaults (h/d) Source 
Harvesting of ornamentals 7 Table B-6 (overall working hours) 
Harvesting of grapes 8 Table B-9 (task-specific working hours) 
Pruning of grapes 7 Table B-9 (task-specific working hours) 
 
Figure B-5 and Figure B-7 show which months have been recorded as start and end months 
of the harvesting season in table and wine grapes respectively. Figure B-6 and Figure B-8 
display the recorded start and end months for the pruning season. The figures suggest that 
harvesting mainly takes place in the period from August till November. The figures for the 
pruning season show a more complex pattern. In table grapes, two pruning seasons can be 
identified: one starting in May and another in October. For wine grapes, there seems to be a 
distinct pruning season from November till March, although pruning also seems to occur in 





Figure B-5 Harvesting season in table grapes. 
 
Figure B-6 Pruning season in table grapes. 
 
Figure B-7 Harvesting season in wine grapes. 
 















































































































2.2 GREEK DATA 
 
1. Which of the following crop groups do you work in/with? Please indicate what 
percentage of your work time you spend working in each crop group. 
 
Greenhouse vegetables (n = 23) 
About half of the sampled workers (n = 11) are only active in the production of greenhouse 
vegetables. The other half (n = 12) combines greenhouse vegetables with either olives (n = 
9) or outdoor vegetables (n = 3). In these cases, the time spent on work in greenhouse 
vegetables ranges from 12.5 to 90%. 
 
Olives (n = 34) 
Only a third of the sampled olive workers (n = 12) report to spend all of their work time in 
olive cultivation. This means that the majority of the workers (n = 22) are also active in other 
crops such as greenhouse vegetables, vines, arable crops, top fruit and outdoor vegetables. 
 
 
2. Can you please specify which types of clothing you wear as normal work clothing 
during the COLD SEASON (e.g. fall/winter) and WARM SEASON (e.g. spring/summer)? 
Please indicate how often you wear the clothing (in % of work time). 
3. Can you please specify which types of personal protective equipment (PPE) you use to 
protect yourself from pesticides during the COLD SEASON (e.g. fall/winter) and WARM 
SEASON (e.g. spring/summer)? Please indicate how often you wear each type of PPE 
(in % of work time). 
 
Table B-12 and Table B-13 show which types of clothing and PPE are worn by workers in 
vegetable greenhouses and olives, respectively. Empty cells represent types of clothing and 
PPE not worn by the workers. Clothing and PPE types identified by more than 75% of the 




The results show that at least the following clothing types should be available in the BROWSE 
software: 
 Upper body: long sleeved shirt and t-shirt 
 Lower body: shorts and full length trousers 
 Head: hat/cap 




This is in accordance with the list resulting from the analysis of the Italian data (see page 286). From 
the data shown in Table B-12 and Table B-13, the clothing combinations listed in Table B-11 have 
been proposed to be set as default in the model. 
  
Table B-11 Proposed default clothing for indoor vegetable and olive workers. 
Crop group Cold season Warm season 
Indoor 
vegetables 
Full length trousers + long sleeved shirt + cap Full length trousers + t-shirt + cap 
Olives Full length trousers + long sleeved shirt + cap Full length trousers + t-shirt + cap 
 
 
Personal protective equipment (PPE) 
Like the Italian data, the number of workers reporting to wear personal protective 
equipment (PPE) is unexpectedly high. About half of the greenhouse workers and 70% of the 
olive workers were also active as operator (also see Table B-14 and Table B-15). Closer 
inspection of the data shows that almost all reported PPE use can be traced back to the 
group of worker-operators. Again, this suggests that these workers answered this question 
from an operator point-of-view. This bias in the data makes it difficult to draw any 
conclusions about the PPE use by greenhouse and olive workers.  
 
 
4. Could you indicate in the table below which months of the year are 
 Peak months (PM) of working in/with crops  
 Normal months (NM) when you do shorter hours  
 Non active (NA) months when you do no work in/with crops 
Figure B-9 and Figure B-10 display the yearly pattern of non-active, normal and peak months 
in vegetable greenhouses and olive orchards. Figure B-9 shows that greenhouse workers are 
active throughout the year, with all months being recorded as normal or peak months by a 
majority of the workers. This pattern can probably be attributed to two factors:  
 Greenhouses are controlled micro-climates, making it possible to extent the normal 
growing season. 
 The data from question 1 suggest that about half of the workers combine the 
production of greenhouse vegetables with other crops, thus creating work 
throughout the whole year. 
The pattern for olive orchards, as shown in Figure B-10, displays two peak periods: one from 
October till December when olive harvest takes place and another – smaller and less clear – 
from May till June when pruning takes place. The other months are not distinctly 




Table B-12 Types of clothing and personal protective equipment (PPE) worn by greenhouse vegetable workers. 
TYPE OF CLOTHING/PPE COLD SEASON WARM SEASON 
no. of workers % of work time no. of workers % of work time 







1 Long-sleeved shirt 100% (n = 23) 99 2 90-100 43% (n = 10) 23 13 10-50 
2 T-shirt 74% (n = 17) 100 0 0-100 87% (n = 20) 98 5 80-100 
3 Shorts     43% (n = 10) 37 19 10-70 
4 Full length trousers 91% (n = 21) 86 23 40-100 91% (n = 21) 68 34 10-100 
5 Hat/cap 70% (n = 16) 78 22 40-100 78% (n = 18) 89 18 50-100 
6 Apron         
7 Bib and brace 17% (n = 4) 63 26 40-100 17% (n = 4) 55 6 50-60 
8 Coverall 13% (n = 3) 63 32 40-100 13% (n = 3) 57 6 50-50 
9 Rain wear: 1 piece         
10 Rain wear: 2 pieces         
11 Leather/fabric boots 61% (n = 14) 77 30 10-100 61% (n = 14) 59 27 10-100 
12 Rubber Boots 74% (n = 17) 74 31 20-100 74% (n = 17) 66 32 20-100 
13 Open shoes/sandals 4% (n = 1) NA NA NA 43% (n = 10) 37 17 10-60 
14 Cotton gloves 4% (n = 1) NA NA NA 4% (n = 1) NA NA NA 
15 No shirt     9% (n = 2) 10 0 10 




1 Chemical protective gloves 48% (n = 11) 63 43 10-100 48% (n = 11) 63 43 10-100 
2 Chemical protective coverall 17% (n = 4) 65 44 10-100 17% (n = 4) 65 44 10-100 
3 Mask 43% (n = 10) 59 44 10-100 43% (n = 10) 59 44 10-100 





Table B-13 Types of clothing and personal protective equipment (PPE) worn by olive workers. 
TYPE OF CLOTHING/PPE COLD SEASON WARM SEASON 
no. of workers % of work time no. of workers % of work time 







1 Long-sleeved shirt 91% (n = 31) 100 0 100 53% (n = 18) 30 21 10-100 
2 T-shirt 88% (n = 30) 97 10 50-100 88% (n = 30) 99 7 60-100 
3 Shorts     47% (n = 16) 53 30 20-100 
4 Full length trousers 85% (n = 29) 86 24 20-100 74% (n = 25) 65 36 10-100 
5 Hat/cap 53% (n = 18) 74 27 20-100 71% (n = 24) 82 18 50-100 
6 Apron     3% (n = 1) 80 0 80 
7 Bib and brace 12% (n = 4) 83 24 50-100 12% (n = 4) 73 22 50-100 
8 Coverall 21% (n = 7) 50 28 20-100 21% (n = 7) 43 31 10-100 
9 Rain wear: 1 piece         
10 Rain wear: 2 pieces         
11 Leather/fabric boots 88% (n = 30) 84 18 50-100 82% (n = 28) 72 28 20-100 
12 Rubber Boots 47% (n = 16) 36 19 20-100 44% (n = 15) 24 6 20-40 
13 Open shoes/sandals 6% (n = 2) 20 0 20 44% (n = 15) 48 32 20-100 
14 Cotton gloves 3% (n = 1) 10 0 10 3% (n = 1) 10 0 10 
15 No shirt     3% (n = 1) 10 0 10 




1 Chemical protective gloves 38% (n = 13) 89 27 20-100 41% (n = 14) 90 26 20-100 
2 Chemical protective coverall 29% (n = 10) 90 22 40-100 32% (n = 11) 89 24 40-100 
3 Mask 41% (n = 14) 90 26 20-100 47% (n = 16) 91 25 20-100 






































































5. Please indicate the number of days per week in which you are engaged in worker 
activities. Worker activities are activities performed in the crop after application of 
pesticides (e.g. harvesting apples). If appropriate, please also indicate the number of 
days per week in which you are engaged in operator/mixing/loading activities. 
An overview of the average days per months spent on worker and operator activities by 
greenhouse vegetable workers and olive workers is presented in Table B-14. Greenhouse 
workers spent on average 20 and 18 days on worker activities during peak and normal 
months respectively. This confirms that greenhouse workers are quite evenly active 
throughout the year, as already suggested by Figure B-9. 
 
Table B-14 Average days/months for greenhouse vegetable and olive workers. 
Duration During peak months During normal months 
Worker Operator Worker Operator 
Greenhouse vegetable workers 
Average days/month AM ± SD 20 ± 7 4 ± 4 18 ± 6 2 ± 3 
Range 1 – 28 0 – 12 1 – 24 0 – 10 
Olive workers 
Average days/month AM ± SD 22 ± 6 2 ± 3 14 ± 7 1 ± 1 
Range 5 – 28 0 – 8 0 – 28 0 – 4 
 
In contrast, olive workers work on average a lot more days during peak periods compared to 
normal periods: 22 days and 14 days, respectively. The data also suggest that both 
greenhouse and olive workers spend far less time on operator activities than on worker 
activities. 
 
6. For only those days in which you are engaged in worker activities, please indicate the 
number of hours per day (ignoring days when you do not engage activities).  
The minimum, average and maximum hours worked per day by greenhouse vegetable and 
olive workers are summarized in Table B-15. The data indicate that greenhouse workers 
spent on average 7.0 and 1.2 hours per day on respectively worker and operator activities 
during peak months. During normal months, working hours are not much lower, with 6.5 
and 1.1 hours per day spent on worker and operator activities, respectively. This is in 
agreement with the results from questions 4 and 5. 
Olive workers spent on average 7.5 hours per day on worker activities during peak months. 
Normal months are characterized by less working hours: 5.3 hours/day on average. Next to 
worker activities, olive workers also spend some time on operator activities: on average 2.1 




the data from questions 4 and 5. 
 
Table B-15 Minimum, average and maximum hours/day for greenhouse vegetable and olive workers. 
Hours per day 
(AM ± SD) 
During peak months During normal months 
Worker Operator Worker Operator 
Greenhouse vegetable workers 
Minimum 5.9 ± 1.6 0.6 ± 0.8 4.5 ± 1.5 0.6 ± 0.8 
Average 7.0 ± 1.7 1.2 ± 1.3 6.5 ± 1.3 1.1 ± 1.4 
Maximum 10.2 ± 1.4 1.8 ± 2.0 8.3 ± 1.1 1.6 ± 1.9 
Olive workers 
Minimum 5.7 ± 1.5 1.0 ± 0.8 3.3 ± 1.7 0.7 ± 0.6 
Average 7.5 ± 1.3 2.1 ± 1.8 5.3 ± 2.1 1.5 ± 1.4 
Maximum 9.8 ± 1.5 3.1 ± 2.5 7.0 ± 2.3 2.4 ± 2.1 
 
 
7. Please fill in all the empty cells in the following table to indicate how the amounts of 
time you spend on worker and operator/mixing hours on the same day are related: 
Question 7 of the survey was aimed at identifying if any relationship exists between the 
number of hours spent on worker activities and operator activities on the same day. Not 
unexpectedly, the data suggests that the number of hours spent on operator activities 
declines as the number of hours spent on worker activities increases. Moreover, none of the 
workers reported that they would spend any time on operator activities when they would 
already have to work more than 4 hours per day on worker activities.  
  
Table B-16 Relation between time spent on worker activities and time spent on operator activities 
Number of hours spent on worker 
activities in one day  
0 2 4 6 8 10 12 
Maximum hours spent on 
operator/mixing/loading in the same day 
3.6 ± 2.9 1.1 ± 1.7 0.2 ± 0.4 0 0 0 0 
 
 
8. How often does your skin (covered or bare) come into contact with each of the 
following categories of crop? Please indicate the percentage of your working time for 
each category. 
Table B-17 shows often greenhouse vegetable workers and olive workers come into contact 
with a dry or wet crop during worker activities. Whereas the Italian workers spent the 
majority of their time working in a dry crop, the Greek workers display a very different 
pattern. The greenhouse vegetable workers seem to spend most of their time in a crop that 




heat of the day by working early in the morning or late at night.  Olive workers spend most 
of their time in either a dry crop or a crop that is wet due to dew or condensation. Like the 
greenhouse workers, the high percentage of time spent in the wet crop might be explained 
by early or late working hours to avoid the heat of the day. Surprisingly, both groups of 
worker sometimes re-enter the crop when the crop is still wet from an application with 
PPPs. 
 
Table B-17 Contact frequency with dry and wet crop for greenhouse vegetable and olive workers. 
Crop category % of working time 
AM ± SD Range 
Greenhouse vegetable workers 
Dry crop 27 ± 18 10 – 78 
Wet crop: because the spraying solution hasn’t dried yet 7 ± 13 0 – 60  
Wet crop: because of rain 7 ± 15 0 – 50  
Wet crop: because of dew/condensation 60 ± 29 0 – 90  
Olive workers 
Dry crop 47 ± 25 5 – 100  
Wet crop: because the spraying solution hasn’t dried yet 3 ± 5 0 – 20  
Wet crop: because of rain 10 ± 9 0 – 50  
Wet crop: because of dew/condensation 37 ± 21 0 – 80 
 
 
10. For the GREENHOUSES/OLIVES please indicate which tasks you perform and in which 
period of the year. Please indicate whether the task is done mechanically or manually 
and how often you engage in it. Please state which body parts (covered or bare skin) 
come into contact with the crop during the activity.  
 
Priority scenarios: harvesting of greenhouse vegetables 
All workers, except one, reported that the harvest of greenhouse vegetables takes place 
throughout the whole year. Most harvesting is done manually for 8 hours per day. The 
number of days per week spent on harvesting ranged from 3 to 7 days. According to the 
workers, the entire body makes contact with the crop during harvest. 
 
Table B-18 Top 5 of tasks performed by greenhouse vegetable and olive workers. 
 No. Task Count 
Greenhouse 
vegetables 
1 General cultivation 8 
2 Harvesting 7 
3 PPP application 4 




5 Packaging 2 
Olive 1 Harvesting 33 
2 Pruning 14 
3 PPP application 13 
4 Fertilization 4 
5 Fraise mowing2 3 
 
 
2.3 CONCLUSIONS FROM THE BROWSE SURVEYS 
In Italy, data have been collected on workers active in greenhouse (mainly ornamentals) and 
grape (table and wine) production. In Greece, a similar survey collected information on 
greenhouse vegetable and olive workers. The data have been analysed to learn more about 
workers’ work patterns and exposure determinants such as personal protective equipment 
(PPE). 
Due to limited number of surveys and the variation in the data, it is difficult to draw general 
conclusions about worker practices. The results of the survey are considered to be only 
indicative of real worker practices. The default values proposed in the previous sections are 
therefore only used as a guideline for the user of the BROWSE software. Users have the 
option to change the proposed default to their own value if that’s considered more 
appropriate. An overview of the proposed default values can be found below in Table B-19. 
Table B-19 Overview of the proposed defaults for the priority scenarios based on the BROWSE 
surveys. 
Default Indoor ornamentals Grapes Indoor vegetables 
Clothing Cold season Cold season Cold season 
Full length trousers 
Long-sleeved shirt 
Full length trousers 
Long-sleeved shirt 
Cap 
Full length trousers 
Long-sleeved shirt 
Cap 
Warm season Warm season Warm season 





Full length trousers 
T-shirt 
Cap 
Additional clothing Latex gloves Leather/fabric gloves None 
Working hours (h/d) 7 (for harvesting) 8 (for harvesting) 
7 (for pruning) 
8 (for harvesting) 
 
  
                                                     





3 ANALYSIS OF THE CAPEX SURVEY DATA 
The database file, downloaded from the website, contains the data of forms 1 till 6. Form 6 
concerns worker and worker activities and is therefore the main source of information for 
WP2. Form 1 was used to identify the holdings growing one of the 4 crop groups of the 
BROWSE priority exposure scenarios. Survey data were available in at least one country for 
each of the priority crop groups. The following holdings were identified and selected for 
further analysis: 
 Orchard fruit: Polish holdings with holding numbers (holno) starting with ‘241’ 
 Grapes: Italian holdings with holno starting with EID and British holdings with holno’s 
26115, 26219, 26521, 26526, 27440, 27458 and 27480 
 Indoor ornamentals: Belgian holdings with holno starting with ‘12’ 
 Indoor fruiting vegetables: Spanish holdings with holno starting with ‘ES’ and Greek 
holdings with holno starting with ‘SGK’ 
Further analysis was carried out with Microsoft Excel and/or IBM SPSS Statistics Version 20. 
The variables taken up into the analysis were: 
 ‘activityText’: the tasks performed by the workers 
 ‘hoursDay’: the average number of hours worked by the worker 
 ‘hours’: length of time spent on each activity expressed in hours 
 ‘PPEGlovesText’, ‘PPEWorkWearText’, ‘PPERespText’, ‘PPEOtherText’: the types of 
clothing and personal protective equipment (PPE) worn during the activity. As the 
names of the variables suggest, the different types of clothing and PPE should have 
been entered in the database under the appropriate variable. However, clothing and 
PPE were often entered at random. Therefore, the sum of the individual frequencies 
of each type of clothing/PPE under the different variables was made. 
 ‘reentry’: the time between re-entry and the latest application 
3.1 ORNAMENTALS (BELGIUM) 
Holdings with holno starting with ‘12’ were identified in form 1 as ornamental growers. Data 
on 48 holdings were collected in the Flemish region of Belgium. 27 of these holdings have 
form 6 data. 
 
3.1.1 TASKS PERFORMED (VARIABLE ‘ACTIVITYTEXT’) 
Table B-20 gives an overview of the tasks performed by workers in the ornamental growing 
industry in Belgium. The most commonly performed task is handling. A wide variety of tasks 




location, placing the plants on carts, etc. Propping/training of branches, pruning, taking 
cuttings and inspection/maintenance are other frequently performed activities. 
 
Table B-20 Top 5 of tasks performed by indoor ornamental workers in Belgium. 
No. Task Frequency 
1 Handling 1797 
2 Inspection and maintenance 612 
3 Propping/training branches 585 
4 Pruning 541 
5 Taking cuttings 468 
 
 
3.1.2 WORKING HOURS PER DAY (VARIABLE ‘HOURSDAY’) 
A total number of 34 workers were identified in form 6 (n = 34). Figure B-11 illustrates the 
average working hours per day performed by the workers. 20% of the workers have an 
average working day of 8 hours (range: 6-12 hours). 
 
 
Figure B-11 Ornamentals - working hours per day. 
 
3.1.3 WORKING HOURS SPENT ON A SINGLE TASK (VARIABLE ‘HOURS’) 
The variable ‘hoursDay’ records the average length of a working day, whereas the variable 
‘hours’ records the length of time spent on a single task. Missing values, recorded as ‘99’, 




A worker spends on average 5.3 hours on a single activity. However, Figure B-12 shows that 
a worker usually spends 2, 4 or 8 hours on the same task. This indicates that – although a 
worker generally works about 8 hours per day – he may spend this time working on several 
activities. 
 
Figure B-12 Ornamentals - working hours spent on a single task. 
 
3.1.4 TYPES OF CLOTHING AND PERSONAL PROTECTIVE EQUIPMENT (PPE) WORN  
Table B-21 summarizes all types of normal work clothing and PPE worn during worker 
activities in ornamental greenhouses. Full length trousers, long sleeved shirt and 
leather/fabric boots are most common. A t-shirt is worn less than a long sleeved shirt, but 
this is probably a bias from the sampling period (autumn and winter). A bib and brace and 
breathable work wear are only mentioned in a few cases. The use of personal protective 
equipment (PPE) is not very common. Only two types of gloves – nitrile and latex – were 
reported, but this is clearly not standard practice. 
 
Table B-21 Ornamentals - clothing and personal protective equipment. 
Type Frequency3 
Work clothing 
Breathable work wear  1 
Bib and brace 44 
Full length trousers 4940 
                                                     




Long sleeved shirt 4472 
T-shirt 468 
Leather/fabric boots 4346 
Personal protective equipment 
Nitrile gloves 20 
Latex gloves 14 
 
 
3.1.5 RE-ENTRY INTERVAL (VARIABLE ‘REENTRY’) 
The re-entry interval is the time between the latest application and the first re-entry activity. 
Missing data (value ‘99’) and an outlier (value ‘84’) were removed from the database before 
analysis. After this removal, only a small number of entries were retained (n = 116 instead of 
n = 5115). This indicates that records on re-entry intervals are poor or that re-entry workers 
are often unaware of when the latest application took place. 
The results are shown in Figure B-13 and indicate an average re-entry interval of two weeks. 
However, the majority of the activities are performed in the first few days after application. 
A short re-entry interval (e.g. 1 day) as a default in the BROWSE worker model can therefore 
be considered as a realistic worst-case. 
 
 
Figure B-13 Ornamentals - re-entry interval. 
 
3.2 FRUITING VEGETABLES (SPAIN, GREECE) 
Spanish data with holno starting with ‘ES’ and Greek data with holno starting with ‘SGK’ 
were selected in form 1. This resulted in 75 holdings, whereof 66 with form 6 data. Fields 




concerned beans and melons, respectively. 
 
3.2.1 TASKS PERFORMED (VARIABLE ‘ACTIVITYTEXT’) 
Table B-22 lists worker activities performed in greenhouses with fruiting vegetables. A total 
of 1139 activities were taken up in the database. In contrast to the ornamentals data, there 
is a more even spread of the frequency of the activities. Propping/training branches, cutting 
and planting are the top 3 of activities, but they are closely followed by other tasks such as 
leaf removal. 
 
Table B-22 Top 5 of tasks performed by indoor vegetable workers in Spain and Greece. 
No. Task Count 
1 Propping/training branches 158 
2 Cutting 141 
3 Planting 127 
4 Manual lifting 105 
5 Leaf removal 103 
 
 
3.2.2 WORKING HOURS PER DAY (VARIABLE ‘HOURSDAY’) 
The Spanish data and Greek data contained information on 50 and 56 workers, respectively. 
Analysis of the data on average length of the work days showed that the Greek values were 
unusually low. It is expected that a normal work day would last about 8 hours, whereas the 
Greek values ranged from 0.03 to 2.51 hours. A reason for these low values could not be 
found. The Spanish and Greek data were therefore analyzed separately. 
Figure B-14 illustrates the average working hours per day for Spanish and Greek workers. 
The vast majority of Spanish workers have a work day of 8 hours. No conclusions can be 






Figure B-14 Fruiting vegetables - working hours per day (left: Spanish data; right: Greek data). 
 
 
3.2.3 WORKING HOURS SPENT ON A SINGLE TASK (VARIABLE ‘HOURS’) 
Analysis of the data on working hours spent on a single task showed the same problem as 
for the data on average length of the work day. For this reason, the Spanish and Greek data 
were again analyzed separately. 
 
 






Figure B-15 shows that the majority of the Spanish workers spend 8 hours working on the 
same task. This suggests that workers usually engage in only one activity per day. This is in 
contrast with workers employed in ornamental greenhouses who often perform several 
tasks on the same day. For the reason mentioned above, no conclusions are drawn for the 
Greek data. 
 
3.2.4 TYPES OF CLOTHING AND PERSONAL PROTECTIVE EQUIPMENT (PPE) WORN  
Table B-23 lists the types of clothing and PPE worn in Spain and Greece. In Spain, normal 
work clothing usually consists out of a t-shirt combined with full length trousers and/or 
rainwear. Little information is available on Greek work clothing, but the results suggest that 
Greek workers usually wear a t-shirt in combination with shorts or full length trousers. 
Nitrile and latex gloves are used as PPE in Spain and Greece, whereas leather/fabric gloves 
are only worn in Spain. Other types of PPE are only occasionally worn. 
 




Rainwear 124  
Full length trousers 94 17 
Shorts  15 
T-shirt 99 7 
Rubber boots 1  
Personal protective equipment 
Latex gloves 36 87 
Non-specified rubber gloves 6  
Nitrile gloves 118 117 
Leather gloves 222  
Type 6 coverall 1  
Face shield 9  
 
3.2.5 RE-ENTRY INTERVAL (VARIABLE ‘REENTRY’) 
Most re-entry activities in fruiting vegetable greenhouses take place 1 or 2 days after the 
latest application, as can be seen in Figure B-16. These results show that the use a default 





Figure B-16 Fruiting vegetables - re-entry interval. 
 
3.3 ORCHARD FRUIT (POLAND) 
52 Polish holdings with holno starting with ‘241’ were identified as relevant for orchards 
with help of form 1. However, no corresponding form 6 data were available in the database. 
 
3.4 GRAPES (ITALY, UK) 
57 Holdings in 2 countries were identified to grow grapes: 
 Italian data: holding numbers starting with EID 
 British data: holding numbers 26115, 26219, 26521, 26526, 27440, 27458, 27480 
31 of these holdings also had data on form 6. 
 
3.4.1 TASKS PERFORMED (VARIABLE ‘ACTIVITYTEXT’) 
Table B-24 gives an overview of the different tasks performed by workers in grapevines. 
Pruning is by far the most important task, followed by picking. 
 
Table B-24 Top 5 of tasks performed by indoor vegetable workers in Spain and Greece. 
No. Task Count 
1 Pruning 233 
2 Picking 106 




4 Removing shoots 42 
5 Propping/training branches 41 
 
3.4.2 WORKING HOURS PER DAY (VARIABLE ‘HOURSDAY’) 
After filtering missing data (recorded as ’99’) from the entries, data on 40 workers were 
retained. Figure B-17 illustrates the results which indicate that workers often have a work 
day of 7 or 8 hours. 
 
 
Figure B-17 Grapes - working hours per day. 
 
 
3.4.3 WORKING HOURS SPENT ON A SINGLE TASK (VARIABLE ‘HOURS’) 
Figure B-18 shows the results on the length of time spent on a single task, after removing 
missing data (‘99’) and unrealistic high values (> 24 hours) from the database. The average 
time spent on a single task is 7.14 hours. Although not as clear as for the fruiting vegetables, 





Figure B-18 Grapes - working hours spent on a single task. 
 
3.4.4 TYPES OF CLOTHING AND PERSONAL PROTECTIVE EQUIPMENT (PPE) WORN 
The types of clothing and PPE worn during re-entry activities in grapes are summarized in 
Table B-25. In Italy, only two types of clothing (breathable work wear and leather boots) and 
one type of gloves (leather) were mentioned during the surveys. The UK surveys showed a 
bigger variety of clothing types, but – in general – clothing covering arms and legs in 
combination with leather boots is worn. Although other glove types were mentioned during 
the UK surveys, leather gloves are also most popular among UK grapevine workers. 
 




Breathable work wear  53 
Rainwear 3  
Bib and brace 1  
Long clothes 281  
Short clothes 72  
Full length trousers 77  
Waterproof leggings 1  
Long sleeved shirt 77  
T-shirt 2  
Rubber boots 9  
Leather boots 351 25 




Type 6 coverall 1  
Non-specified rubber gloves 18  
Leather gloves 183 43 
Latex gloves 3  
Nitrile gloves 4  
 
 
3.4.5 RE-ENTRY INTERVAL (VARIABLE ‘REENTRY’) 
Figure B-19 demonstrates the wide variety of re-entry intervals for activities in grapes, 
ranging from 0 to 97 with a mean value of 25 days. Closer inspection of the graph shows that 
about half of the re-entries take place within the first 10 days after application. A third of the 
activities take place on the second and third day after application. This suggests that a 




Figure B-19 Grapes - re-entry interval. 
 
3.5 SOFT FRUIT (UK) 
UK soft fruit holdings were identified in form 1 by selecting all soft fruit crops (currants, 
black-, blue-, goose-, rasp- and strawberries). The following holdings with soft fruit crops 
were identified: 26104, 26110, 26120, 26223, 26224, 26414, 26425, 26429, 26442, 26446, 





3.5.1 TASKS PERFORMED (VARIABLE ‘ACTIVITYTEXT’) 
Table B-26 lists the top 5 of worker activities performed in soft fruit crops. From a total of 13 
different tasks, harvesting and pruning were by far the most important tasks, followed by 
tasks such as sorting, planting and inspection/maintenance.  
 
Table B-26 Top 5 of tasks performed by soft fruit workers in the UK. 
No. Task Frequency 
1 Picking 200 
2 Pruning 125 
3 Sorting 74 
4 Planting 56 
5 Inspection/maintenance 55 
 
 
3.5.2 WORKING HOURS PER DAY (VARIABLE ‘HOURSDAY’) 
After filtering missing data (recorded as ’99’) from the entries, data on 36 workers were 
retained. Figure B-20 illustrates that soft fruit workers most often have a work day of 7 to 9 
hours. The average duration of a work day was 7.7 hours. 
 
 






3.5.3 WORKING HOURS SPENT ON A SINGLE TASK (VARIABLE ‘HOURS’) 
Figure B-21 shows the results on the length of time spent on a single task, after removing 
missing data (‘99’) and unrealistic high values (> 24 hours) from the database. The average 
time spent on a single task was 7.81 hours. These results indicate that soft fruit workers 
often perform a single activity in 1 day. 
 
 
Figure B-21 Soft fruit (UK) - working hours spent on a single task. 
 
3.5.4 TYPES OF CLOTHING AND PERSONAL PROTECTIVE EQUIPMENT (PPE) WORN 
The types of clothing and PPE worn during re-entry activities in soft fruit are summarized in 
Table B-27. Leather boots in combination with full length trousers and long-sleeved shirts 
were clearly the most commonly used types of normal work clothing. 
 
Table B-27 Soft fruit (UK) - clothing and personal protective equipment. 
Type Frequency 
Normal clothing 
Leather/fabric boots 575 
Full length trousers 294 
Long sleeved shirt 244 
Long clothes 218 
Short clothes 160 






Work wear: breathable (cotton/polyester) 34 
Shorts 12 
Bib and brace 1 
Personal protective equipment 
bric/Leather 138 
Latex 129 
n-specified rubber 23 
Safety glasses 22 
 
 
3.5.5 RE-ENTRY INTERVAL (VARIABLE ‘REENTRY’) 
Figure B-19 demonstrates the wide variety of re-entry intervals for activities in soft fruit, 
ranging from 0 to 81 with a mean value of 24 days. Closer inspection of the graph shows that 
more than 30% of the re-entry activities took place on the first day after application. This 
suggests that a default re-entry interval of 1 day would be a reasonable worst-case for re-




Figure B-22 Soft fruit (UK) - re-entry interval. 
 
3.6 CONCLUSIONS FROM THE CAPEX SURVEYS 
Based on the information analyzed above, the following default values have been suggested 





Table B-28 Overview of the proposed defaults for the priority scenarios based on the CAPEX surveys. 

















T- shirt None 8 (all tasks) 2 
Orchards NA NA NA NA 




None 7 (all tasks) 2 




None 8 1 
 
 
4 COMPARISON BETWEEN BROWSE AND CAPEX DATA 
Table B-29 gives an overview of the default values proposed based on the BROWSE surveys 
and the CAPEX survey. With regard to the clothing, the worst case options were taken when 
the BROWSE and CAPEX data suggested different clothing types. No personal protective 





Table B-29 Overview of the final proposal for default values for the priority scenario. 
Default Indoor ornamentals Indoor vegetables Orchards Grapes Soft fruit 
BROWSE 
Survey location Italy Greece NA Italy  
Clothing Cold season Cold season NA Cold season NA 
Full length trousers 
Long-sleeved shirt 
Full length trousers 
Long-sleeved shirt 
Cap 




Warm season Warm season NA Warm season NA 









Additional clothing Latex gloves Leather/fabric gloves NA None NA 
Working hours (h/d) 7 (for harvesting) 8 (for harvesting) 
 
NA 8 (for harvesting) 
7 (for pruning) 
NA 
CAPEX 
Survey location Belgium Spain and Greece Poland Italy UK 
Clothing Full length trousers 
Long-sleeved shirt 
Full length trousers 
T- shirt 
NA Full length trousers 
Long-sleeved shirt 
Full length trousers 
Long-sleeved shirt 
Additional clothing None None NA None None 
Working hours (h/d) 8 (all tasks) 8 (all tasks) NA 7 (all tasks) 8 (all tasks) 
Re-entry interval 1 2 NA 2 1 
Final proposal based on BROWSE and CAPEX 








Full length trousers 
T-shirt 
Cap 
Full length trousers 
Long-sleeved shirt 
Additional clothing None None NA None None 
Working hours (h/d) 7 (for harvesting) 8 (for harvesting) 
 
NA 8 (for harvesting) 
7 (for pruning) 
8 
Re-entry interval 1 2 NA 2 1 
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